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1 Introduction 
 
 
Cells can be viewed as tiny and complex factories in which each subcellular structure 
fulfills its very specific task but at the same time also communicates with its 
environment. These sophisticated biological machines possess a huge variety of 
capabilities including energy conversion and transduction, synthesis of specific 
organic chemicals, creation of biomass, information storage, recognition, signaling, 
sensing, self-assembly, and reproduction [1]. Moreover, there exist biomolecular 
analogues for many conventional devices, such as structural components, wires, 
motors, drive shafts, pipes, pumps, production lines, and programmable control 
systems [2]. Consequently, there is growing interest in mimicking biological 
processes for creating nanoscale devices, which promise savings in mass and energy 
consumption and operate with great precision and functionality [1, 3-7]. 
The abilities of natural molecular machines also stimulated the train of thought 
that led to the visionary concept of molecular manufacturing [2]. The anticipated 
technology wants to apply non-biological molecular machinery for the construction 
and manipulation of nanoscopic as well as of macroscopic objects from nanoscale 
building blocks. Unlike current ‘top-down’ approaches, where large devices are used 
to work from the macroscopic to the microscopic level, the proposed ‘bottom up’ 
concept aims to structure matter to complex atomic specifications. Unfortunately, the 
realization of this concept lies still ahead in the future because current technologies 
have so far been confined to two dimensions (2D). Thus, it will be crucial to develop 
entirely new approaches to the construction of three-dimensional nanoarchitectures.  
Cellular machines are supposed to not only serve as inspiration for 
technological objectives but also to advance the tools and instruments available for 
molecular manufacturing [3, 5]. In particular biomolecular motors, which are able to 
efficiently convert chemical energy into controlled motion, could be exploited to 
engineer hybrid nanomechanical systems. Exemplarily, this was shown by integrating 
the rotary motor F1-ATPase into an engineered environment and employing it to 
propel a nickel bar [8]. 
Motors from the kinesin and myosin families transport cargo along 
filamentous tracks of the cytoskeleton (e.g. microtubules and actin filaments). As, so 
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far, no man-made motor smaller than 1 µm has been demonstrated to be capable of 
carrying load [4, 6], it is intriguing to apply such motor proteins for building 
nanoscale transport systems. These systems are envisioned to not only load, transport, 
and unload cargo but to be applied e.g. in sensors, sorters and actuators, for self-
healing materials, and to miniaturize microelectromechanical systems (MEMS) [4, 9, 
10]. However, in order to successfully implement them into engineered environments 
the confluence of scientific developments in molecular biology, materials science, 
chemistry and nanofabrication is essential.  
In order to perform transport tasks in engineered environments motor proteins 
are most commonly attached to a substrate and the heads of the motors move 
filaments, which are used as transportation platforms, across the surface. Because this 
motion is random a main requirement for well-controlled transport is to spatially 
guide the filaments. Various techniques involving topographical surface structures 
have been proven to be quite efficient [11-16]. However, preparing such surfaces is 
labor-intensive and costly. Moreover, the layout of the filament pathways cannot be 
altered in-situ if necessary. Attempts to guide microtubules on flat, chemically 
patterned surfaces were not satisfactory so far [17, 18]. In those approaches it turned 
out that the angle with which the microtubule approached the edge of a track was a 
decisive factor [19]. Since the guiding efficiency was the highest for shallow 
approach angles, narrow tracks are supposed to be preferential. Thus, the technical 
capability of patterning motor proteins with high resolution is a prerequisite for 
guiding microtubules on chemically patterned surfaces. Moreover, other challenges 
for patterning proteins are to achieve specificity and to preserve the functionality of 
the motors. Although a number of techniques, as e.g. microcontact printing and dip-
pen nanolithography, have been studied extensively for patterning proteins [20-24], 
including antibodies [25], their applicability for biomolecular motors has not been 
investigated. Patterning motor proteins on planar surfaces was so far only performed 
by plasma deposition of molecules, which resist protein adsorption, and applying the 
motors to the patterned surface [18, 19]. However, in these experiments the resolution 
of the motor tracks was in the micrometer-range and thus not sufficient for reliably 
guiding microtubules. 
It was therefore the first goal of this work to establish a patterning method for 
generating nanometer–sized tracks of motor proteins and to characterize the ability of 
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these tracks for guiding microtubules on planar surfaces. This was achieved by using 
microtubules as biotemplates to specifically transfer and bind kinesin-1 molecules, 
respectively (chapter 3). The second major goal was to explore an in-situ patterning 
technique for motor proteins, which enables the user-defined design of motor patterns. 
Therefore, localized light-to-heat conversion was combined with a switchable 
polymer layer. This way the protein binding properties of the surface were altered and 
allowed local protein adhesion in the illuminated areas (chapter 4). 
While this work mainly aims to contribute to the rapidly growing toolbox for 
harnessing the motility of biomolecular motors in technological applications, it is 
clear that only the successful integration of the individual approaches will eventually 
enable the assembly of complex functional nanodevices. In any case, the developed 
techniques shall provide new options for studying biological motors as well as for 
expanding the current understanding of their mechanisms. 
 
4 
2 Background 
 
 
2.1 Microtubules and motors  
Microtubules, 25 nm in diameter and several micrometer in length, form part of the 
cytoskeleton of all eukaryotic cells. They give structure and shape to a cell, and serve 
as tracks for motor proteins to move organelles through the cytoplasm. Moreover, 
microtubules are the major components of cilia and flagella, and participate in the 
formation of spindle fibers during cell division (mitosis). Microtubules are formed by 
self-assembly of tubulin. Each tubulin subunit is a heterodimer comprised of tightly 
linked globular α- and β-tubulin proteins. The subunits assemble in a head-to-tail 
fashion into protofilaments, which associate laterally with a small lengthwise shift to 
create stiff, hollow tubes (Fig. 1).  
 
 
Figure 1: The structure of microtubules. a, The tubulin heterodimer is formed from a 
tightly linked pair of α- and β-tubulin monomers and b, assembles head-to-tail into 
protofilaments with α- and β-tubulin units exposed at the minus and the plus end, 
respectively. c, Hollow tubes, the microtubules, are formed by lateral association of the 
protofilaments. d, Electron micrograph of a microtubule segment and e, a microtubule cross 
section. Figure adapted from [26]. 
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In vivo, microtubules usually comprise 13 protofilaments but can be also 
composed of any number of protofilaments between 8 and 20 [27]. Owing to the 
asymmetry of tubulin and its periodic arrangement in the lattice, the microtubule 
structure shows a structural polarity, with only α-tubulin proteins exposed at one end 
and only β-tubulin proteins at the other. Because the two ends of a microtubule are 
not the same, the rate at which growth or depolymerization occurs at each pole is 
different. The end of a polarized filament that grows and shrinks the fastest is known 
as the plus end and the opposing end is called the minus end. For microtubules, the 
minus end is the one with exposed alpha-tubulins. In a cell, it is this end that is 
located at the centriole-containing centrosome found near the nucleus, while the plus 
end, comprised of exposed beta-units, is projected out toward the cell's periphery. 
Because microtubules constantly polymerize and depolymerize they are usually 
stabilized for in vitro applications. The antimitotic drug paclitaxel (also brand-named 
taxol), extracted from the bark of yew trees, for example, binds tightly to the 
microtubules and suppresses the exchange of tubulin subunits. [26, 28] 
Linear motor proteins, like kinesins, dyneins or myosins, move along 
intracellular filaments of the cytosceleton, and thereby they generate force. Their 
motion is driven by the hydrolysis of adenosine triphosphate (ATP) with the general 
mechanism being ATP binding to a motor domain, hydrolyzation of ATP to 
adenosine diphosphate (ADP) and inorganic phosphate (Pi,) and releasing ADP and 
Pi. This leads to a ‘powerstroke’ against load. The variations of speeds and step-sizes 
found in motor proteins result from differences in rate-constants for the reaction steps 
and different morphologies.  
The microtubule motor kinesin-1 was the first motor of the kinesin-family to 
be identified [29, 30] and has been most intensively studied. The kinesin-1 molecule 
is a homodimer of two heavy chains, each of which possesses an amino-terminal 
motor domain (‘head’), a 60 to 80 nm long stalk with alternating flexible and coiled-
coil segments, and a carboxyl-terminal small globular tail domain (Fig. 2). The neck, 
which joins the stalk to the motor domains, consists of the end of the coiled-coil stalk 
and two neck-linkers. Kinesin-1 is mainly involved in the transport of organelles and 
vesicles. One single molecule of this motor is capable of processive movement over 
move many steps without dissociating from the microtubule [31-34]. Thus, at least 
one head remains always attached to the microtubule during the cyclic motor reaction. 
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The two motor domains are thought to alternately bind to the microtubule in a hand-
over-hand fashion [35-38] facilitated by a change in the affinity of the motor domain 
to the microtubule due to a small conformational change during the hydrolysis cycle. 
For each ATP hydrolyzed, kinesin-1 takes an 8 nm step on the microtubule lattice 
[39-41], a distance corresponding to the size of one tubulin dimer. Kinesin-1 thereby 
follows the protofilament axis with great fidelity [42, 43] towards the plus end of the 
microtubule. The velocity generated in vitro is typically between 0.6 and 0.8 µm/s 
[44, 45] (at ambient temperature) and the force about 6 pN [46-48].  
 
 
Figure 2: The structure of the kinesin-1 heavy-chain dimer. The image shows the crystal 
structure of the catalytic domains and the neck as well as the structure of the stalk and the tail 
as inferred from electron microscopic images and coiled-coil prediction analyses. Figure 
adapted from [49]. 
 
Non-claret disjunctional (ncd), a dimeric member of the kinesin-14 family, 
was discovered in 1990 [50, 51]. Ncd is involved in mitosis [52, 53] and meiosis [54, 
55] where it is assumed to participate in spindle assembly and in modulating the 
spindle length. In contrast to kinesin-1, ncd is comprised of a carboxyl-terminal ATP-
hydrolyzing motor domain as well as an amino-terminal ATP independent binding 
site [56, 57]. The neck consists only of the end of the coiled-coil stalk and is tightly 
associated with the two heads [58]. This alteration in the head-neck interaction, 
compared to kinesin-1, is thought to cause the minus-end directionality of ncd [49, 
59-63]. The speed by which ncd translocates along a microtubule in vitro is only 
about 160 nm/s (at ambient temperature) [56, 64]. Moreover, although a recent study 
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reported processive runs of ncd in vitro under low salt conditions [65], the motor is 
usually been considered to be non-processive [66, 67]. 
Dyneins are another group of microtubule motors that can be divided into 
cytoplasmic and axonemal dyneins. Cytoplasmic dyneins are found in all animal cells, 
and perform a variety of fundamental cellular functions including organelle transport, 
assembly of the mitotic spindle, and nuclear migration. Axonemal dyneins cause the 
bending of microtubules in axonemes and thus produce the beating that propagates 
cilia and flagella. Axonemal dynein was already discovered in 1965 [68]. However, 
because of its large size (in the range of 1 MDa) and the difficulty of producing 
mutants, dyneins are still less characterized than kinesins. Axonemal dynein motors 
either contain one, two or three non-identical heavy chains (depending on the 
organism and location in the cilium). The Tetrahymena ciliary 22S dynein, derived 
from the outer arms of ciliary axonemes, comprises three different heavy chains       
(> 500 kDa). Each of these heavy chains is composed of a carboxyl-terminal globular 
head together with a coiled coil stalk that carries the microtubule binding site at its 
tip, and an amino-terminal tail (cargo binding domain) [69]. The motor domain 
consists of six AAA (ATPases associated with diverse cellular activities) domains and 
a seventh domain, which form an asymmetric ring. The first AAA domain is 
responsible for dynein motility. 22S dynein moves towards the microtubule minus-
end, and translocates microtubules in vitro at a velocity of 8 µm/s [70]. Further, it was 
reported that 22S dynein moves processively with 8 nm steps at low ATP 
concentrations (< 20 µM) [71]. 
 
2.2 Molecular transport in synthetic environments 
The sophisticated design of biomolecular motors, which outperforms any currently 
known man-made motor, has been inspiring. These tiny, nanometer-sized machines 
fulfill their very diverse tasks in biological systems with high specificity. They are 
involved in self-assembly as well as in active transport processes, where limitations of 
diffusion are overcome. Biomolecular motors directly convert chemical energy into 
mechanical motion whereat they achieve energy efficiencies of 50 % [28, 45] and 
more [72]. Moreover, they operate in a highly parallel manner and can generate large 
forces when acting cooperatively. Therefore it has been proposed, and many steps 
have already been taken, to exploit the outstanding characteristics of biomoleclar 
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motors for nanomanufacturing and the development of hybrid organic-inorganic 
nanodevices.  
Towards this goal, biomolecular motors have to be implemented into 
engineered environments. Thereby it is advantageous that the motors can be produced 
conveniently and inexpensively by bacterial expression in E. coli. Through genetic 
engineering they can be modified to the intended function. Moreover, the motors are 
relatively robust as they withstand temperatures in the range of 5 to 45°C, pH values 
from 6 to 9, and ionic strengths from 50 mM to 300 mM [45]. Nevertheless, there are 
also limitations in using biomolecular motors due to them operating only in aqueous 
environments similar to the cytosol and due to the need of avoiding denaturing 
substances. Another important aspect is protein adsorption to a solid surface. Protein-
surface interactions are determined by the physical state of the material, protein 
properties, and solution environment. All these factors play a major role in 
maintaining the protein activity. It is thus not always straightforward e.g. to substitute 
proteins buffers or substrates within a working assay. 
Efforts to utilize molecular motors for cargo transportation in nanotechnology 
are based on so-called in vitro motility assays, which have played an important role in 
determining most of the motors’ key properties described in the previous chapter. 
These assays are biological test systems where the action of motor-filament systems 
can be studied on an artificial surface outside the cell allowing controlled chemical 
conditions and the use of protein engineering. The motility is usually observed under 
the light microscope using fluorescence markers or high-resolution brightfield 
techniques. Based on their geometry two basic types of motility assays can be 
distinguished: the stepping assay and the gliding assay (Fig. 3).  
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Figure 3: In vitro motility assays. a, In a stepping assay microtubules are immobilized on the 
substrate. Motors diffusing in solution may bind to a microtubule and move unidirectionally on its 
lattice. In order to easily observe the motor action they can be e.g. coupled to a bead or labeled 
with a fluorescent marker. b, In a gliding assay motor proteins are immobilized on the substrate. 
Microtubules bind to the exposed motor domains when being in close proximity to the surface. 
The motors then transport the microtubules across the surface with, in the case of kinesin-1, the 
minus end leading. 
 
The stepping assay closely mimics the cellular system: Cargo is transported 
along a surface-immobilized filament by the motor. Using this assay micron-sized 
glass particles [73], silicon microchips [74], and quantum dots [75] have been 
transported by kinesin-1 motors on immobilized microtubules. Further, oriented 
microtubule networks have been shown to allow directed cargo-transport [73, 76, 77]. 
Such unidirectional motility can be preferential and might enable the simultaneous 
application of different motors. However, it is not possible to further control the 
motility, e.g. change the moving direction. Moreover, to ensure that motor-linked 
cargo does not dissociate from its track after having walked distances of typically      
1 µm (the processivity length of kinesin-1) [78, 79] the cargo has to be coupled to 
several motors for reliable long-distance transport.  
In the gliding assay the geometry is inverted so that the motors are fixed to the 
substrate and microtubules glide over the assembly. Here, cargo can be coupled to the 
microtubule shuttles using the biotin-streptavidin linkage or antibodies. At a sufficient 
density of surface-immobilized motors, multiple motors attach to a single microtubule 
and ensure that it continues to glide despite the detaching of single motors. The 
gliding geometry is usually favored for setting-up nanotransport systems (Fig. 4), 
where cargo is to be shuttled between defined locations in a controlled manner.  
 
a) b) 
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Figure 4: Schematic illustration of a nanotransport system based on molecular motors. 
At defined loading stations cargo (e.g. quantum dots) are picked up and specifically bound to 
microtubule-shuttles, which are propelled by surface-attached kinesin motors. The 
microtubule is thereby directed towards defined unloading stations, where the cargo is to be 
delivered. 
 
These nanotransport systems are envisioned for applications like molecular 
sorting, sensing, separating, concentrating, or self-assembly [9, 10, 80]. So far, a 
number of active transport tasks could be performed using the kinesin-1-microtubule 
system. These include stretching of deoxyribonucleic acid (DNA) molecules [81, 82], 
probing receptor-ligand interactions [83] or surface topography [84], transport of 
biological or engineered cargo [81, 85-87], cargo loading out of solution [88] or pick-
up from loading stations [89], concentrating of proteins [90], as well as molecular 
sorting [91]. Additionally aspects influencing the design of transport systems were 
studied, e.g. the distance above which microtubules glide above the surface [92], or 
the effects of microtubule rotation around their longitudinal axis during cargo 
transport [93].  
The main challenge for organized nanotransport is the temporal and spatial 
control of motility. Reversibly switching microtubule motion on and off can be 
achieved by ATP regulation. With the help of a microperfusion system ATP in the 
flow-cell was rapidly exchanged with the non-hydrolyzable ATP analog adenylyl-
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imidodiphosphate (AMPPNP) to start and stop motility [94]. Another approach used 
caged ATP to locally start motility upon exposure to ultraviolet (UV) light [87, 95]. 
Active steering of microtubules was demonstrated by using external electric [91], 
magnetic [96], or hydrodynamic flow fields [94, 97]. Besides that, spatial guiding was 
also accomplished without external control. In contrast to the random motion in a 
basic gliding assay, guiding of microtubules was first achieved by topographical 
grooves or channels on the substrate surface [98-100]. Here, microtubules were 
directed along a path by the channel walls that forced them to stay on the bottom of 
the channels. This method was enhanced by combining topography and chemical 
surface modifications [11, 15] to prevent microtubules from “climbing up” channel 
walls and changing tracks. Advancements in the channel geometry [12, 14], like 
overhanging walls [13], further improved the guiding performance enabling reliable 
long-distance transport. Asymmetric channel features and arrowheads were used to 
control the direction in which microtubule shuttles were guided [16].  
The kinesin-1-microtubule system has most often been favored over myosin-
actin as cargo carrier system [10, 74] because the high bending rigidity of 
microtubules reduces their chance of turning around. The maximum width of guiding 
channels can be larger and fabrication is more facile. However, the actomyosin motor 
system might become more attractive in future since flexible filaments allow smaller 
turning radii and potentially a further miniaturization of motor-powered devices [101, 
102]. In addition, transportation by myosin is up to 10 times faster than by kinesin-1. 
Possibly, combining both motor systems might open up new possibilities of realizing 
complementary tasks in parallel. 
 
2.3 Guiding on planar surfaces 
Though filaments can be efficiently guided through combined topographical and 
chemical methods, as described in the previous chapter, fabrication of the necessary 
structures is labor-intensive and costly. Additionally there are potential applications in 
which static topographical features might be disadvantageous, such as transport of 
cargo with diameters larger than the channel dimensions. 
 Chemical patterning of planar surfaces can also restrict movement of filaments to 
areas with high motor densities. However, at a boundary to lower or zero motor 
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density walking off of filaments cannot be prevented [17, 18]. Guiding of 
microtubules at such a chemical boundary is only due to thermal fluctuations. If a 
microtubule crosses the boundary its tip becomes free to fluctuate (Fig. 5a). The 
microtubule is then only guided when the thermal energy (kT/2, where k is the 
Boltzmann constant, and T is the temperature) required for overcoming its flexural 
rigidity (EI, where E is the modulus of elasticity, and I the geometric moment of the 
beam cross-section) and for bending back onto the motor track is sufficient. 
Otherwise the microtubule will be propelled in a straight line by the motors still in 
contact until it detaches. Only short microtubules can be reoriented through rotational 
diffusion around the last motor [17]. 
Aside from the flexural rigidity of the microtubule the amount of bending 
depends also on the average time that a microtubule free tip takes to deflect a given 
distance. This parameter can be described by the first passage time tk. The equation 
for the first passage time of a fluctuating microtubule was derived by Clemmens et al. 
[19] as follows, 
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 Thereby, γ is the perpendicular drag coefficient, L is the overhang length of the 
fluctuating microtubule and θ is the approach angle. According to this equation the 
time needed for thermal fluctuations to bend a microtubule by an angle θ will increase 
radically as the approach angle θ increases. The time a microtubule has to sample the 
surface is limited by the time before it completely detaches from the track. This in 
turn depends on the gliding speed and the microtubule length. Thus, the probability 
for microtubule guiding should be the highest for shallow approach angles to the 
chemical edge. For small approach angles, the free microtubule tip needs only very 
slight bending and samples a sufficient area for finding the next motor. This was 
experimentally proven by Clemmens et al. [19] (Fig. 5b). 
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Figure 5: Guiding at a chemical boundary. a, Schematic of microtubule guiding due to 
bending at a chemical boundary. A microtubule is driven towards a chemical boundary under 
an approach angle θ. As the microtubule tip is not longer attached to motors it begins to 
fluctuate with h being the tip displacement. If the overhanging microtubule (with L being the 
overhang length) can be bent far enough to attach to a motor on the track, it will continue 
gliding. b, Probability of microtubule guiding for different approach angles at a chemical 
boundary. Figure adapted from [19]. 
 
In order to achieve effective guiding on patterned planar surfaces it can be 
assumed that motors arranged in straight narrow tracks restrict aligned microtubules 
to shallow approach angles. The width of the tracks should be less than 1 µm. 
However, as this feature size is still much larger than the 25 nm diameter of a 
microtubule, and defines the orientation of short filaments poorly [4], a track width of 
only a few hundred nanometers would be ideal. Within this work methods of creating 
such narrow motor tracks are investigated and the reliability of microtubule guiding 
and motility on such chemically patterned surfaces is studied (see chapter 3). 
 
2.4 Surface patterning of proteins  
Surface patterning of proteins is of interest in a wide number of applications. These 
include biosensors, diagnostic immunoassays, cell culturing, DNA microarrays, and 
other analytical procedures [103-110]. Thereby, the main challenges are: controlling 
protein orientation, preserving biological activity of the proteins, achieving high 
resolution as well as patterning different proteins. Moreover, it is desirable that the 
technique is flexible, inexpensive, and offers the potential for high through-put 
production. The specific patterning requirements may, however, depend very much on 
the application.  
a) b) 
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Generally, one can distinguish two protein-patterning strategies: indirect 
methods and active placement. In indirect methods, a surface is pre-patterned for 
enhanced protein binding in some parts of the surface along with largely reduced 
adsorption on the rest of the surface. On the other hand, direct patterning (i.e. active 
placement) is often more specific and more facile than indirect patterning. However, 
the risk to fully or partially denature the protein is usually higher, e.g. due to 
adsorbing the proteins to a stamp or illuminating the protein solution with UV-light. 
In the following different patterning techniques are shortly introduced and discussed 
with respect to the patterning of motor proteins. 
 Microcontact printing (µcP) is a simple and efficient soft-lithographic 
patterning technique for proteins [20, 21]. It uses a polydimethylsiloxane (PDMS) 
stamp to deposit molecules on surfaces and was originally developed by Whitesides 
and coworkers [111] for self-assembling alkanethiols on gold substrates with spatial 
control. The stamp is first 'inked' with a solution of molecules that coat the stamp. The 
stamp is dried and pressed onto the surface to be patterned. The soft PDMS stamp 
makes conformal contact with the surface and molecules are transferred directly from 
the stamp to the surface. Repeated printing using different stamps can be used to 
make complex surface patterns of more than one kind of molecule. The stamps for 
microcontact printing are made using structured silicon wafers. The wafers form part 
of a mould in which liquid PDMS is polymerized. On demoulding, a flexible 
transparent stamp is obtained, with structures that can be in the submicron range [112, 
113].  
Dip-pen nanolithography (DPN) is a scanning probe lithography technique 
first demonstrated by Mirkin and coworkers in 1999 [114]. It uses an atomic force 
microscope (AFM) to pattern molecules on specific areas of a surface and is most 
commonly used to pattern self-assembled monolayers of long chain alkane thiols on 
Au surfaces. However, it has also been used to immobilize biomolecules such as 
proteins [22-24], DNA [115], and single viruses [116] with indirect and direct write 
methods. The tip of an AFM cantilever acts thereby as a "pen", which is dipped into a 
protein solution acting as an ‘ink’. When put in contact with a substrate (the ‘paper’) 
molecules are transferred via the solvent meniscus. This technique allows surface 
patterning in the 100 nm range and below. Recently, parallel patterning using 
multiple-pen cantilever arrays has also been demonstrated [117].  
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Another AFM based nanolithography technique employs a novel 
vibrational AFM mode (contact oscillation) to pattern even fragile proteins under 
native conditions [118]. On self-assembled monolayers and polymer-brush interfaces 
immobilized proteins can be detached with an AFM tip and replaced by other 
proteins, which are selectively self-assembled from the bulk. Thus, this method 
enables reversible in-situ patterning (write-read-erase) of self-assembled protein 
monolayers at dimensions down to 50 nm.  
Last but not least, a variety of photoimmobilization strategies have been 
developed for producing protein patterns [119]. Several approaches work by 
photochemically modifying surfaces to promote or deter non-specific protein 
adsorption [120, 121] whereas others use photoactive particles, which link specific 
proteins to the surface [122, 123]. Unfortunately, all of these methods require the use 
of UV-light, which can be harmful for biological species [124]. Additionally many 
small molecule crosslinkers have to be spun on the substrate and dried before 
irradiation. A first approach of patterning in aqueous solution with longer and less 
damaging wavelengths was reported by Holden et al. [125]. They exposed a bovine 
serum albumin passivated surface through a photomask. Organic fluorophores in the 
buffer solution that had been covalently attached to ligands were excited on resonance 
causing photobleaching and attachment to the substrate via a mechanism involving 
singlet oxygen. More than one species could be patterned from a single solution if 
they were tagged with different fluorescent dyes and exposed sequentially by different 
wavelengths. The achieved pattern size was still in the micrometer range but could 
possibly be improved by employing a more collimated light source. 
The applicability of the described techniques for patterning motor proteins 
will be discussed in the following. Kinesin-1 and other motors are quite sensitive 
proteins. Patterning them by direct microcontact printing most likely severely 
damages their biological functionality primarily due to the drying step on the 
elastomeric stamp surface. Moreover, the transfer by printing requires that the 
adhesion of protein to the substrate has to be stronger than that of the stamp. The 
‘sandwiching’ of the proteins between surfaces of very different hydrophilic / 
hydrophobic properties might create a mechanical stress on the protein and lead to 
irreversible conformational changes [25, 126]. Although direct µcP of myosin motors 
for the guided elongation of actin filaments was shown recently [127]
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approaches should be generally more appropriate to assure a high density of active 
motors. In experiments in the run-up of this work it was managed to create 1 µm wide 
kinesin-1 lines by printing anti-Penta-His antibodies, blocking the rest of the surface, 
and finally binding his-tagged kinesin-1 to the patterned antibodies. The lines, 
however, did not prove to reliably guide microtubules mainly because the active 
motor density was too low. 
Patterning of motor proteins using DPN has not been reported yet. Direct DPN 
patterning could principally be promising because the proteins do not have to be 
dried. However, so far even for patterning biologically active antibodies [128] an 
indirect approach proved to be more advantageous. In order to optimize the antibody 
orientation and to minimize denaturation, surfaces were pretreated with protein A/G, 
which was covalently attached to patterns of DPN-generated esters on gold surfaces.  
AFM based nanolithography as well as photopatterning methods have not 
been used so far for patterning motors but might be an interesting alternative maybe 
also for directly patterning.  
 
2.5 Switchable polymers 
Switchable polymers undergo a sharp physical change when external stimuli are 
presented. Depending on the polymer the stimuli can be thermal, optical, electrical or 
electrochemical. Due to their ability to undergo such changes under easily controlled 
conditions these polymers are also classified as smart materials. There has been 
extensive research in exploiting the physical changes for various applications. Among 
them are nanoscale actuation [129], fluid manipulations in microfluidic devices [130], 
cell and protein adhesion [131-133], drug delivery [134], sensor applications as well 
as materials assembly and reconfiguration [135]. 
One numerously studied switchable polymer is the temperature-responsive 
poly(N-isopropylacrylamide) (PNIPAM). The first reports to recognise that PNIPAM 
displayed a phase transition was that of Scarpa et al. in 1967 [136] and Heskins and 
Guillet in 1968 [137]: both groups observed that PNIPAM became less soluble upon 
heating and formed a precipitate at about 32°C, the lower critical solution temperature 
(LCST). The LCST is based on specific interactions between the solute and the 
solvent. Below the LCST PNIPAM is water soluble. Its hydrophobic side groups 
hydrate through hydrophobic association of water molecules and the polymer chains 
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assume a swollen, hydrophilic state. Above the transition temperature the water is 
expelled and the polymer collapses because intra- and intermolecular hydrogen 
bonding of the polymer molecules are favored compared to a solubilization by water 
(hydrophobic state). Thermodynamics can explain this with a balance between 
entropic effects due to the dissolution process itself and due to the ordered state of 
water molecules in the vicinity of the polymer. Enthalpic effects are due to the 
balance between intra- and intermolecular forces and due to solvation, e.g. hydrogen 
bonding and hydrophobic interaction [138, 139]. Furthermore, it has been 
experimentally proven that the LCST behavior in polymers is governed by the 
hydrophobic to hydrophilic balance within the macromolecule [140-143]. The LCST 
can thus be modified through copolymerization of various amounts of hydrophobic or 
hydrophilic monomer units. In response to the change of the hydration state, the 
volume occupied by the polymer reversibly changes by up to an order of magnitude 
[144, 145]. The water molecules that surround the polymer below the transition 
temperature generate a repulsive hydration force that repels biological materials. In 
contrast, above the transition temperature the protective sheath of water is disrupted, 
allowing proteins to stick to the surface. The change of some key properties is 
depicted in Figure 6. 
 
 
Figure 6: Temperature-dependent conformation of PNIPAM molecules. The surface-
grafted PNIPAM chains reversibly switch their conformation upon cooling and heating. At 
temperatures above the LCST (of about 32°C) the molecule is collapsed and the surface 
becomes hydrophobic. In this state proteins are able to bind to the substrate. In contrast, 
below the LCST proteins are repelled because the polymer assumes a swollen, hydrophilic 
state. In conjunction with the conformational change, the height of the PNIPAM layer is 
also changed. 
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In order to use PNIPAM molecules for switching surface properties and for 
tuning protein adsorption, the polymer chains have to be organized in structures with 
some directionality. This is achieved in polymer brushes: densely grafted polymer 
chains that are covalently tethered with one end to the surface. Linear polymer chains 
grafted on the surface are gaining a brush like conformation if the distance of the 
chains is becoming smaller than twice the radius of gyration of the molecules. In this 
case the polymer chains assume a conformation stretched away from the surface due 
to excluded volume effects. The behavior of those ultrathin polymeric layers is 
strongly dependent on the grafting density, the molecular weight and the chemical 
composition of the polymer chains.  
Brushes can be fabricated by ‘grafting to’ (tethering of polymer chains to a 
surface from solution) and ‘grafting from’ (radical polymerisation at the surface) 
methods. Dense polymer brushes are obtained via surface-initiated polymerization 
from initiator-modified surfaces, using a range of controlled radical, ring-opening, or 
methathesis polymerizations. These methods yield excellent control over brush 
composition and thickness [146]. Especially surface-initiated atom transfer radical 
polymerization (ATRP) is a suitable method for the controlled preparation of polymer 
brushes covalently bound to the surface of different substrates [147]. The control 
results from the use of a transition metal based catalyst. It is important to note that the 
LCST of PNIPAM grafted from the surface of solid substrates [148], cross-linked 
hydrogels [149], and block polymers [150] was reported to be nearly identical to the 
LCST of a homopolymer in aqueous solution. 
Recently, kinesin-1-driven microtubule motility experiments have been 
successfully performed on polymeric brush layers. It was demonstrated that on 
polymeric gradient surfaces (grafting density gradient) gliding microtubules are sorted 
according to their length [151]. This was the first example of self-organized sorting of 
protein assemblies on surfaces. Moreover, motility can also be dynamically controlled 
by external stimuli [152]. Thereby, kinesin-1 molecules were adsorbed onto a 
substrate between surface-grafted PNIPAM chains. Reversible landing, gliding, and 
releasing of microtubules was then observed in response to temperature-induced 
conformational changes of the polymer. Another report showed that the size of 
bioactive kinesin-1 patterns can be controlled via temperature on surfaces containing 
lateral LCST gradients due to opposing gradients of hydrophilic and hydrophobic 
PNIPAM copolymers [153].  
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3 Biotemplated patterning of motor proteins 
 
 
In this chapter the generation, characterization and application of nanometer-wide, 
non-topographical tracks of motor proteins is reported.  
First of all, it was explored whether the regular lattice of reconstituted 
microtubules can be used as template structure to specifically bind and transfer 
kinesin-1 and ncd motor proteins on planar surfaces. Such an approach has the 
advantage that structurally oriented arrays of biomolecular motors can be generated. 
Throughout the whole process the motors remain in an aqueous environment and, in 
case of transferring, do not need to be adsorbed to an additional surface as in other 
direct protein patterning techniques. Thus, the biological activity of the motors is 
preserved.  
In particular, two different methods of biotemplated patterning of planar 
surfaces with motor proteins were investigated: 'biotemplated stamping' (Fig. 7a) and 
'biotemplated binding' (Fig. 7b). In the stamping approach, kinesin-1 molecules are 
bound in solution with their motor domains to 'template' microtubules in the absence 
of ATP. The generated complexes are then adsorbed onto the surface (step I), and 
ATP is added in order to propel the template microtubules off the surface-bound 
motor proteins. This way, tracks of oriented motor molecules, with their motor 
domains pointing away from the surface, can be generated (step II). In the binding 
approach, the template microtubules are first immobilized on the surface (step I). 
Kinesin-1 or ncd motor proteins are then specifically bound to the template 
microtubules via specific linker molecules or the second microtubule binding site in 
their tail domain, respectively (step II). In both approaches, either based on 
biotemplated stamping or binding, 'transport' microtubules in a motility solution 
containing ATP are added and glide along the patterned motor tracks (step III).  
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Figure 7: Methods of biotemplated patterning. a, Biotemplated stamping: Kinesin-1 
molecules, which are bound in an oriented manner to the lattice of a template microtubule are 
transferred onto the surface by a stamping process (I). After adsorption the 'template' 
microtubule is released when the deposited motor molecules propel the microtubule off the 
generated track in the presence of ATP (II). The same molecules will move and guide the 
'transport' microtubules (III). b, Biotemplated binding: Motor proteins are bound to a 
'template' microtubule that was previously immobilized on the surface (I and II). 'Transport' 
microtubules then move specifically on the motor track, thereby sliding along the 'template' 
microtubule (III). 
 
The movement of microtubules on the motor tracks was then studied with 
respect to guiding reliability as well as transport direction and velocity. Further, the 
width of the tracks was estimated. Finally, potential applications of such motor tracks 
for cargo transport and biophysical studies were explored, respectively. 
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The results of biotemplated patterning, presented in chapter 3.1 and 3.2, are 
published in [154]. 
 
3.1 Biotemplated stamping of kinesin-1 
Within the work of establishing biotemplated stamping as a method for patterning 
kinesin-1 molecules a number of challenges had to be met. First, in order to 
exclusively transfer template-bound kinesin-1 molecules onto a surface and prevent 
random motility, free molecules had to be eliminated from the stamping solution. This 
could be accomplished by centrifuging the solution. However, the procedure and 
conditions of the process had to be optimized to avoid shortening of microtubules due 
to breakage and microtubule clustering. Secondly, the maximal possible kinesin-1 
density on the ‘template’ microtubules was limited due to clustering of kinesin-1-
microtubule complexes at higher motor densities. Clustering was also observed when 
binding dimeric one-headed kinesin-1 or other modified kinesin-1-constructs to 
templates. Increasing the ionic strength reduced clustering but at the same time also 
decreased motor-microtubule interaction and could thus not improve the kinesin-1 
density on the ‘template’ microtubules. The reason for clustering was not elucidated 
but might be connected to interactions of the positively charged neck of the kinesin-1 
molecule with the carboxyl terminus of tubulin [155].  
 In order to estimate the density of kinesin-1 molecules loaded to ‘template’ 
microtubules in solution kinesin-1 labeled with green fluorescent protein (GFP) was 
used for decoration. The fluorescent intensity of the loaded microtubules was 
compared to microtubules, which were bound to an anti-tubulin antibody coated 
surface and loaded inside the flow-cell with increasing GFP-kinesin-1 concentrations. 
Since in the latter case microtubules were immobilized, microtubule clustering was 
prevented even for high kinesin-1 concentrations. The fluorescent intensity of 
microtubules loaded with kinesin-1 molecules in solution without clustering equaled 
about the intensity of surface-immobilized microtubules decorated with 1.5-2 nM 
kinesin-1. Assuming a fractional occupancy of 50% for a kinesin-1 concentration that 
equals the dissociation constant Kd,MT (Fig. 8) only every 10th binding site of 
‘template’ microtubules loaded in solution was occupied.  
 
 
22 
 
 
Figure 8: Fluorescent intensity of surface-immobilized microtubules loaded with GFP-
labeled kinesin-1 inside the flow-cell. The intensity data (±standard deviation) was plotted 
in dependence of the kinesin-1 (dimer) concentration, and was fit to a hyperbola according to 
the law of mass action. Each data point thereby represents the average intensity of 25 
microtubules. Kd,MT was determined to be 9.8 ± 1.7 nM. 
 
An example of the final generation and usage of a stamped kinesin-1 
'nanotrack’ is shown in Figure 9. Transport microtubules frequently bound to the 
stamped kinesin-1 molecules and moved either precisely along or under some angle 
across the tracks. Sometimes, a microtubule walking across a track changed its 
direction, aligned with the track and moved further along the track.  
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Figure 9: Generation and usage of stamped kinesin-1 nanotracks. The location of the tracks 
was inferred from fluorescent micrographs of the kinesin-1-decorated template microtubules 
before ATP addition (shown in white). Real-time images of moving template and transport 
microtubules are superimposed in red and green, respectively. a, Track generation. Immediately 
after ATP addition the template microtubule (green) started to move one filament length, 
detached from the surface and left a track of kinesin-1 molecules on the surface. b, A transport 
microtubule (red) followed the created track in the direction the template microtubule had 
walked off. c, Another transport microtubule (red) followed the same track opposite to the walk-
off direction and detached from the track after reaching its end. Scale bars represent 5 µm. 
Arrows indicate the directions of movement. 
 
Analysis of the movement showed that microtubules preferably walked well-
guided along the tracks (Fig. 10a). Movement thereby occurred with equal likelihood 
in the direction in which the template microtubule had walked off the track or in the 
opposite direction. This behavior is expected because (i) the high torsional flexibility 
of the kinesin-1 molecules [156] allows the kinesin-1 heads to bind microtubules in 
any orientation, and (ii) the two-fold symmetry of dimeric kinesin-1 molecules [34] 
supports binding in either direction. Thus only the orientation of a transport 
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microtubule determines its direction of movement. Transport microtubules moved 
with similar speeds along the tracks in either direction. This speed was, moreover, 
independent of filament length and equaled the speed observed during walk-off 
(Table 1).  
 
Walk-off 
(µm/s) 
Track usage  
(both directions) 
(µm/s) 
Track usage 
parallel to walk-off 
(µm/s) 
Track usage 
anti-parallel to walk-
off 
(µm/s) 
0.62 ± 0.11 (n = 39) 0.59 ± 0.16 (n = 39) 0.56 ± 0.14 (n = 22) 0.63 ± 0.17 (n = 17) 
n = number of evaluated microtubules 
 
Table 1. Mean gliding velocities (mean ± standard deviation) of microtubules along 
stamped kinesin-1 nanotracks. 
 
Once moving along a kinesin-1 track the guiding probability was larger than 
80 % (n=60 microtubules), meaning that 80% of the transported microtubules 
followed the tracks to their ends. The reasons for not being guided were either a low 
kinesin-1 density on the track, which was in some cases insufficient for very short    
microtubules (< 2 µm), or kinks in the tracks that microtubules could not follow. 
Taking into consideration the lengths of the smallest microtubules that reliably moved 
along the tracks the motor density was estimated to be at least 0.7 functional kinesin-1 
molecules per µm. 
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Figure 10: Evaluation and application of stamped kinesin-1 nanotracks. a, Distribution 
of movement directions on the stamped kinesin-1 tracks with respect to the walk-off direction 
of the template microtubule. While movement along the tracks (0 and 180°) was predominant, 
movement across the tracks occurred at statistically distributed angles. b, Fluorescent image 
of a kinesin-1 track labeled with anti-kinesin and a FITC-labeled secondary antibodies after 
the template microtubule had walked off. c, Cargo transport along a kinesin-1 nanotrack. 
Real-time images of three quantum dots (shown in green) that were bound to a motile 
transport microtubule (not shown) are superimposed to a fluorescent micrograph of the 
template microtubule before walk-off (shown in red). Scale bars represent 5 µm. 
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To further characterize the motor tracks the stamped kinesin-1 molecules were 
labeled with anti-kinesin antibodies that specifically targeted an epitope at the motor 
domain (carboxyl terminus of the kinesin-1). Fluorescein-5-isothiocyanate (FITC) 
labeled secondary antibodies were then used to visualize the kinesin-1 locations on 
the surface (Fig. 10b). Although presumably not all kinesin-1 molecules were labeled 
by an antibody, the motors in the track appeared dense and homogeneously 
distributed. Because the anti-kinesin antibodies bound specifically to the motor 
domains, the labeling provided further evidence for the orientation of the kinesin 
molecules: the motor domains pointed away from the surface and were not attached to 
the substrate. This is of great importance for their biological activity and cannot be 
controlled by other direct protein patterning techniques, such as microcontact printing 
or dip-pen nanolithography.  
Because kinesin-1 molecules decorate the whole surface of the template 
microtubules (not shown in Figure 7a) one can ask, whether the nanotracks will be 
significantly broadened by the random substrate binding of those kinesin-1 molecules 
released during walk-off. By evaluating fluorescence data, as presented in Figure 10b, 
it was found that only few motors bound to the surface unassociated with the tracks 
and their density was too low to support motility. The labeling technique using the 
fluorescent antibodies also allowed us to quantitatively estimate the lateral width of 
the stamped tracks. Fitting the fluorescence intensity profile perpendicular to the track 
in Figure 10b by a Gaussian function proportional to 
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 (averaged over a 
microtubule length of 4 µm) yielded an apparent width of wAB  = 382 ± 6 nm. Due to 
the limited optical resolution, this value represents the convolution of the real track 
width wtrack with the one-dimensional point-spread-function (width wPSF) of the 
imaging system. If a Gaussian-like distribution for the locations of the track-forming 
kinesin-1 molecules is assumed the track width can be estimated by  
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which represents the deconvolution of two Gaussian functions [157]. Because 
the lateral width of a microtubule is at least 10 times smaller than the optical 
resolution of the imaging system, it is reasonable to approximate wPSF by measuring 
the fluorescence intensity profile perpendicular to a fluorescein labeled reference 
microtubule. Such a measurement yielded 328 ± 8 nm and the actual lateral width of 
the kinesin-1 track was thus determined to be wtrack = 195 ± 18 nm. Although being a 
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rough estimate, this value documents the narrow width of the track. On the other 
hand, it exceeds the width of the template microtubule by multiple times. Physical 
reasons for this broadness were presumably: (i) a non-perfect straightness of the 
template microtubule along the length over which the intensity profile was averaged, 
(ii) kinesin-1 molecules (contour length of about 70 nm) that were bound on the sides 
of the template microtubule, and (iii) some broadening of the apparent track width 
due to the antibody labeling procedure. Moreover, because the localization accuracy 
of fluorescent objects is limited by the number of detected photons [158] the 
determined track width has to be considered as an upper limit. 
Toward the usability of the stamped kinesin-1 tracks for nanotechnological 
applications an additional experiment was performed. Streptavidin-coated quantum 
dots bound to biotinylated transport microtubules were transported as model 
nanocargo along the tracks (Fig. 10c).  
Moreover, it was observed that sometimes the tracks were used by multiple 
microtubules (with and without cargo) at the same time, occasionally even with 
microtubules passing each other in opposite direction (data not shown). 
The experiments on motor stamping confirm earlier studies, in which motor 
proteins were deposited using filaments themselves to infer biophysical data on the 
flexibility of myosin heads [159] and on the behavior of oriented dynein arrays [160]. 
Here, this approach was advanced to kinesin-1 motors and demonstrated the 
suitability of such motor tracks for the setup of guided nano-transport systems.  
 
3.2 Biotemplated binding of kinesin-1 and kinesin-14 
Biotemplated binding of motor proteins (see again Figure 7b (on page 20)) was 
demonstrated using kinesin-1 and ncd motors. In a first approach, biotinylated 
kinesin-1 molecules were bound via streptavidin to biotinylated template 
microtubules that were immobilized on the surface using specific antibodies. Figure 
11 shows examples of track usage by transport microtubules. To reduce the unspecific 
surface-binding of streptavidin and kinesin-1 it was crucial to block the glass surface 
with a polyethyleneglycol-terminated copolymer (Pluronic F127) after application of 
the antibodies. In experiments where the template microtubules were immobilized by 
anti-tubulin antibodies (Fig. 11a and b) free tubulin was added to the motility solution 
in order to saturate the microtubule binding sites of those antibodies and thus to avoid 
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static binding of transport microtubules to the surface. A further and almost complete 
reduction of the undesirable interactions of the transport microtubules with the surface 
became possible when the template microtubules were immobilized by anti-
rhodamine antibodies and transport microtubules labeled with Alexa 488 were used. 
Using either immobilization procedure the transport microtubules followed the tracks 
precisely in either direction. In total 27 transport microtubules were imaged moving 
along biotinylated kinesin-1 tracks. In all guiding events, no microtubule was 
observed to be pushed off the tracks by the motors and neither did any microtubule 
move unspecifically on the surface. These results confirm that efficient chemical 
guiding along narrow kinesin-1 tracks is possible. Moreover, compared to 
biotemplated stamping the binding approach enables higher motor densities on the 
tracks since template microtubules are immobilized on the surface and cannot cluster. 
 
 
Figure 11: Usage of biotinylated kinesin-1 tracks on surface-immobilized template 
microtubules. a, Sequence of fluorescent images showing one transport microtubule 
(brightly labeled) moving on a template microtubule (dimly labeled) immobilized by anti-
tubulin antibodies. Time between frames: 20 s. b and c, Overlays of template microtubules 
(white) immobilized by anti-tubulin antibodies (b) and anti-rhodamine antibodies (c) with the 
paths of transport microtubules (colored). The paths were determined by automated tracking 
of the ends of the motile transport microtubules. Scale bars represent 5 µm.  
 
In a second approach, ncd motor molecules were bound to antibody-
immobilized template microtubules via their second, ATP-independent microtubule 
binding site [161]. Because template microtubules were frequently ruptured off the 
surface by ncd motors that nonspecifically bound to the antibodies (control data with 
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GFP-labeled ncd not shown), template microtubules were additionally fixed to the 
surface using glutaraldehyde. This treatment, which preserves the microtubule 
structure [73, 162], was found to also reduce nonspecific binding of ncd to the 
surface. To remove free motor from solution and ensure that only bound motors 
remained in the flow-cell, the sample was extensively rinsed with buffer. Figure 12 
shows examples of track usage by transport microtubules. Less than 10% of the 
microtubules (n=80) moved across the tracks at arbitrary angles - some even 
becoming aligned with the tracks during their movement. Presumably, this alignment 
behavior, which was superior to the guiding achieved with kinesin-1 motors, 
originated from the fact that ncd is a non-processive motor. Each ncd molecule 
undergoes only one catalytic cycle per encounter with a microtubule and about 4 ncd 
molecules are required to work in concert to continuously move a microtubule [64]. 
Therefore non-aligned movement of a transport microtubule across a ncd-track, where 
the number of motors is strongly limited, is rather unlikely. Non-processive 
microtubule motors might thus provide an advantage over processive ones in terms of 
reliable guiding and transport on the nanoscale. The shortest moving microtubules 
that were propelled continuously along the ncd tracks had a length of 0.8 µm. Based 
on the fact that 4 motor molecules are necessary for continuous gliding [64] the motor 
density on the tracks was at least 5 functional ncd molecules per µm. 
Notably, moving microtubules were often tethered to the track with their 
trailing minus ends whereas the leading plus ends frequently lifted up. This might 
have been the result of a prolonged residence time of ncd molecules at the 
microtubule minus ends, which were in fact observed in experiments using GFP-
labeled ncd (data not shown). In terms of redirecting the movement of transport 
microtubules at track crossings and branching points, this behavior was found to be 
advantageous and reorientation onto the track geometry was even possible at T-like 
junctions (Fig. 12b). Moreover, it was observed that microtubules walked in both 
directions along the tracks and were able to pass each other while sliding on the same 
track (Fig. 12c). Due to the torsional flexibility in the ncd molecules exclusively 
immobilized on the template microtubules, such bidirectional track usage was 
expected.  
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Figure 12: Usage of Ncd tracks on surface-immobilized template microtubules. a, Overlay of 
template microtubules (white) immobilized and fixed by glutaraldehyde with the paths of 
transport microtubules (colored). The paths were determined by automated tracking of the ends of 
the motile transport microtubules. b, A microtubule took a turn at a track crossing and got 
redirected. c, Kymograph (horizontal: fluorescence intensity profile along the template 
microtubule, vertical: time, 170 s) showing two transport microtubules that were sliding 
contemporaneously on one track in opposite directions. Scale bars represent 5 µm.  
 
3.3 Biophysical application: Directional sliding of kinesin-14  
The arrangement of microtubule-microtubule sliding by ncd, as demonstrated in the 
previous chapter, closely corresponds to the arrangement of microtubules in the 
mitotic spindle. The mitotic spindle is a molecular machine composed of a bipolar 
array of microtubules whose minus ends are focused at the spindle poles and whose 
plus ends confine a midzone of overlapping microtubules with opposite polarity   
(Fig. 13). This complex organization is achieved by the activity of molecular motors 
that generate forces towards the minus and plus ends of microtubules [163-165]. In 
particular, ncd has been proposed to participate in spindle organization by 
establishing contacts between adjacent microtubules in the spindle midzone and near 
the spindle poles. However, the molecular mechanisms of ncd acting in-between 
microtubules is not known. 
 
 
31 
 
Figure 13: Microtubules and motors in the mitotic spindle. a, Schematic of the mitotic 
spindle. Bipolar array of microtubules emanating from the duplicated centrosomes with their 
plus ends. In the spindle midzone microtubules overlap with opposite polarity. b, Multiple 
molecular motors are generating forces in the spindle midzone between antiparallel 
microtubules. Figure adapted from [163]. 
 
While endeavors to apply biomolecular motors as nanomachines benefited a 
lot from advances in understanding how these motors work, the developed 
bionanotechnological approaches can, contrariwise, also substantially contribute to 
the understanding of motor function in vivo. Here, the biotemplated binding assay 
described before was applied again to specifically address ncd induced microtubule-
microtubule sliding with respect to the microtubule polarities. 
 First of all, kymographs of GPF-labeled ncd molecules bound to the 
glutaraldehyde template microtubules with their ATP-independent microtubule 
binding site (Fig. 14) did indeed show extended periods of stationary binding. Such a 
configuration was assumed before as a prerequisite in order to generate ncd tracks for 
microtubule transport, and allowed bidirectional transport. 
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Figure 14: Ncd-interaction with microtubules in the presence of 1 mM ATP. GFP-labeled 
ncd molecules were imaged by total internal reflection (TIRF) microscopy with 10 frames per 
second. The kymograph (horizontal: fluorescence intensity profile along the immobilized 
microtubules, vertical: time, 30 s) shows predominantly stationary binding of ncd molecules 
on the immobilized microtubules. Thus, it can be assumed that ncd bound with its ATP-
independent binding site to the microtubules. Scale bar represents 10 µm.  
 
Secondly, the movement directions of transport microtubules were evaluated 
with respect to the polarity of the template microtubules. Thereby it was observed that 
microtubules were sliding with about equal probability in an antiparallel and a parallel 
configuration, respectively. However, when new ncd molecules were added into the 
flow-cell, transport microtubules sliding in parallel direction abruptly stopped while 
antiparallel ones remained sliding (Fig. 15). In fact, within one field of view 15 
microtubules were sliding antiparallel and 14 microtubules were sliding parallel. But 
after adding extra motors 18 microtubules were observed sliding antiparallel whereas 
none of them was moving in a parallel arrangement (in the same field of view). This 
behavior can be explained in the following way: Part of the additional ncd motors 
presumably bound with their second, ATP-independent binding sites to the transport 
microtubules. The head domains of these motors could then interact with the template 
microtubule (see schematic diagram in Fig. 15c). In an anti-parallel arrangement the 
forces of all motors added constructively, leading to continued movement. In a 
parallel arrangement of template and transport microtubules these newly added 
motors then counteracted the movement of the ncd motors, which were immobilized 
on the template microtubules, resulting in an arrest of motility. 
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Figure 15: Directional microtubule-microtubule sliding and static cross-linking by ncd. 
a, Kymograph (horizontal: fluorescence intensity profile along the template microtubule, 
vertical: time, 350 s) of a brightly labeled transport microtubule sliding in antiparallel manner 
along a ncd track formed 'on top' of a polarity-marked template microtubule (polarity 
indicated above). This transport microtubule continues to slide along the track after the 
perfusion of additional ncd motors. b, Kymograph (horizontal: fluorescence intensity profile 
along the template microtubule, vertical: time, 500 s) of a brightly labeled transport 
microtubule sliding in parallel manner along a ncd track formed 'on top' of a dimly labeled 
template microtubules (polarity indicated above). This transport microtubule stops to slide 
along the track after the perfusion of additional ncd motors. c, Schematic diagram of the 
sliding behavior (adapted from [166]). For both, parallel and antiparallel microtubules, 
transport microtubules are propelled with their plus end leading by motors bound with their 
tail on the template microtubules. In anti-parallel sliding motors pull (blue motors) or push 
(green motors) the transport microtubules in the same direction. Thus their action is assisting. 
In parallel sliding the motors pull (blue motors) or push (green motors) the transport 
microtubules in opposite directions. Thus motors are counteracting and movement of 
transport microtubules is stopped. Colored arrows represent the forces onto the transport 
microtubules.  
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When these experiments were repeated in our laboratory under physiological 
conditions (other buffer; no glutaraldehyde treatment of microtubules) this behavior 
of directional microtubule-microtubule sliding could be confirmed [166]. However, it 
was found that the amount of stationary bound ncd molecules reduced to zero. The 
GFP-labeled motors rather diffused along the immobilized microtubules. Using 
different modified motor constructs it was shown that the diffusion was mediated by 
the tail. In microtubule-microtubule sliding assays ncd still diffused, but generated 
force with its head domain. Further, due to the loose binding, part of the motor 
molecules switched from the template to the transport microtubule. Thus a directional 
microtubule-microtubule sliding behavior was achieved even without the addition of 
extra motor molecules. 
The experiments provided new insight into the actual mechanism by which 
ncd alone can induce directional microtubule-microtubule sliding (in the spindle 
midzone) and static cross-linking (near the spindle poles). Moreover, the observed 
dynamic interactions help to understand the assembly of complex microtubule 
arrangements [167], the modulation of spindle length, and spindle collapse [168, 169]. 
Thus, biotemplated patterning proved to be a promising tool for in vitro studies on the 
individual and cooperative behavior of various microtubule crosslinking proteins and 
motor proteins as well as for the reconstitution of complex subcellular machineries in 
synthetic environments. 
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4 Photothermal motor control on thermoresponsive 
polymer layers 
 
 
The biotemplated patterning approaches described in chapter 3 proved that reliable 
guiding of microtubules on planar surfaces is possible. However, using microtubules 
as templates, it is not straightforward to create user-defined tracks. Additionally, the 
guiding performance of curved kinesin tracks cannot be systematically evaluated by 
the arbitrary track geometries resulting from the biotemplated stamping approach. 
Therefore, a new method for the freely programmed high-resolution patterning of 
biofunctional proteins was explored theoretically and experimentally. 
 The general idea of the patterning technique is based on localized light-to-heat 
conversion (LHC) combined with a surface-grafted thermoresponsive polymer layer. 
Previously it was demonstrated that poly(N-isopropylacrylamide) (PNIPAM) could 
be used to control the binding of proteins onto thermoresponsive surfaces [152]. 
There, the conformation of PNIPAM molecules in aqueous solution was switched in a 
spatially unstructured manner between the collapsed state at T > 33°C (protein-
binding conformation) and the swollen state at T < 30°C (protein-repelling 
conformation). Here, this approach was extended by using optical signals of non-
destructive visible light to generate heat in a highly-localized manner. In order to 
efficiently convert light into heat, a light-absorbing layer on the substrate was 
employed. Light radiation can interact with atomic systems through changes in the 
potential energy between atoms associated with the electronic excitation as analysis of 
the fundamental mechanism of light-to-heat conversion showed [170]. 
Spatial control over motile microtubules was achieved either by locally 
activating motors that are homogeneously distributed on a surface or by arranging 
motors in patterns (Fig. 16). In both approaches the sample is kept at low temperature 
to allow the PNIPAM chains to shield protein-binding. The incidence of visible light 
onto the light-absorbing layer on the substrate evokes localized heating and results in 
the collapse of the thermoresponsive polymer chains. When locally activating motors 
(Fig. 16a), surface-bound kinesin-1 molecules become accessible for microtubule 
binding and motility. When patterning motors (Fig. 16b), kinesin-1 molecules adsorb 
irreversibly on the substrate between the polymer chains. After illumination is turned 
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off the patterned proteins remain entrapped in the polymer layer. The produced 
pattern can then be reversibly activated and deactivated at elevated and room 
temperature, respectively.  
 
 
 
Figure 16: Photothermal motor control on light-to-heat converting surfaces with 
immobilized thermoresponsive polymer chains. a, Local activation of kinesin-1 molecules. 
Localized illumination and subsequent conversion of light into heat causes the collapse of the 
thermoresponsive polymer. In the illuminated areas, the surface-bound kinesin-1 molecules 
are activated and become accessible for microtubule binding. b, Photothermal patterning of 
kinesin-1 molecules. Localized heating upon illumination causes the collapse of the 
thermoresponsive polymer, resulting in adsorption of proteins in the illuminated areas. When 
the illumination is removed, the photopatterned proteins remain entrapped in the polymer 
layer, and the swollen polymer chains prevent further protein binding. At high temperature 
the patterned kinesin-1 molecules become accessible for microtubule binding. 
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4.1 Local heating and activation of kinesin-1 
To experimentally confirm that the conformation of PNIPAM grafted to a LHC-layer 
was indeed switched due to light-to-heat conversion the following approach was used: 
A regular kinesin-1 gliding motility assay was performed at 35°C. After adjusting the 
temperature to 20°C microtubules were released from the surface, demonstrating the 
functionality of the PNIPAM. The surface was then illuminated continuously through 
a circular aperture opening with green laser light while keeping the backside of the 
substrate surface at 20°C by the means of a peltier element. Microtubules started to 
land and glide exclusively in the illuminated area within less than one minute of 
illumination (Fig. 17). Control experiments on similar surfaces, but without the LHC-
layer, did not show microtubule binding upon illumination (data not shown). Thus, 
this experiment provided reasonable evidence for light-induced heating of a LHC 
surface. Moreover, it showed that kinesin-1 can be locally activated by light quite 
easily on a surface homogeneously covered with kinesin-1 molecules (as displayed in 
Figure 16a). 
 
 
Figure 17: Local activation of kinesin-1 by light-induced heating of a PNIPAM coated 
surface. a, When keeping the sample at 20°C microtubules were prevented from binding to 
the surface-bound kinesin-1 molecules because the PNIPAM chains are swollen (see area of 
the aperture opening). b, Upon continuously illuminating the surface locally with green laser 
light, the surface locally heated up, and microtubules bound within the illuminated opening of 
the aperture. c, Opening the aperture proved that microtubules only bound in the illuminated 
area and not in the surface parts around. Scale bars represent 25 µm. 
 
 As the gliding velocity of microtubules on kinesin-1-coated surfaces is known to 
strongly depend on temperature [171-173], time-lapse fluorescence microscopy of 
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moving microtubules was used to estimate the temperature of the surface when 
illuminated. In order to calibrate the gliding velocity with respect to the temperature, a 
gliding motility assay was performed on a surface with PNIPAM as well as on a 
control surface without PNIPAM. Because of their high thermal conductivity, silicon 
substrates were used for assuring that the surface temperature equaled the temperature 
set by the peltier element. The temperature was varied within the range of 5°C to 
46°C. Microtubules were still able to glide at 46°C. There was, however, an enhanced 
tendency of microtubules to detach from the surface due to the thermal denaturation 
of kinesin-1 molecules. On that account, data was evaluated only for temperatures up 
to 42°C. On PNIPAM surfaces microtubules were able to bind to surface-bound 
kinesin-1 and to glide over the surface at 28°C. This value is slightly below the LCST 
of PNIPAM but could be explained by the ability of microtubules to access the motor 
heads of the surface-attached kinesin-1 molecules at temperatures at which the 
polymer chains are not fully collapsed. For each data point velocities of at least 45 
microtubules were determined. The data (mean velocity ± standard deviation) are 
illustrated in Figure 18. 
 
 
Figure 18: Dependence of microtubule gliding velocity on temperature. The velocities 
were fitted with an exponential growth function 
! 
y = Ae
x / t
+ yo. The inset displays the 
calculated Q10 values for the respective temperature intervals. 
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 The temperature coefficient Q10 represents the factor by which the microtubule 
velocity v increases for every 10-degree rise in the temperature T and was calculated 
according to the following equation 
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 In average Q10 was found to be about 2 (see inset in Figure 18), typical for 
chemical reactions. It was higher at lower temperatures and lower at higher 
temperatures. Further, the results are in good agreement with the data presented by 
Kawaguchi and Ishiwata [172], who examined the temperature effect on single 
kinesin-1 molecules using a bead assay. A break in the velocity increase at 27°C as 
was shown by Boehm et al. [173] in a gliding motility assay could however not be 
observed. Therefore, the α-helical conformational change of the amino-terminal coil 
of the kinesin-1 stalk that was observed at 25-30°C by means of circular dichroism 
spectroscopy [174], did not impact the velocity in our microtubule-gliding 
experiments. 
 The obtained temperature-velocity calibration curve was used to estimate the 
local heating effect evoked by the incidence of green laser light onto carbon layers on 
glass substrates with respect to the optical power. Thereby, it was mainly important to 
find conditions were the surface was heated above the LCST but at the same time to 
avoid overheating and denaturation of proteins. Thus, a gliding motility assay was 
performed on a carbon coated glass coverslip. The sample was kept on the peltier at 
20°C and a collimated laser beam with parallel light locally illuminated the surface in 
a circular area through an aperture (Fig. 19a). The laser power was varied between     
20 mW and 165 mW. During continuous illumination of the sample, time-lapse 
images were acquired for measuring the gliding velocity of microtubules. For each 
velocity a temperature was calculated by applying the temperature-velocity 
calibration curve. Both parameters, velocity and temperature, were plotted as a 
function of the laser power (Fig. 19b and c). The velocity curve showed an 
exponential increase whereas the temperature showed a linear one. This is reasonable 
because the temperature was calculated from the velocity values by a logarithmic 
equation. The linear dependence of the temperature on the laser power was later also 
supported by simulations as discussed in chapter 4.3. 
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Figure 19: Dependence of local heating on optical power. a, Microtubules gliding on a 
carbon-coated surface within a circular area that was illuminated through an aperture. b, The 
velocity (± standard deviation) of at least 15 microtubules was measured for different optical 
power values. The data was best fitted with an exponential function (
! 
y = Ae
x / t
+ yo). c, The 
temperatures, determined by applying the temperature-velocity calibration curve, showed a 
linear dependence (y = A + B x) on the laser power. 
 
On PNIPAM-coated samples, kept at 20°C, binding of microtubules was 
observed for laser powers of 100 mW or greater, corresponding to temperatures of 
29.5°C and above. This compared well to the microtubule binding temperature 
determined in the temperature calibration experiments (Fig. 18). At 135 mW, the laser 
power later used for kinesin-1 patterning, the temperature increase was about 12 K. 
However, this value was dependent on the exact size of the illuminated area. 
 
a) b) 
c) 
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4.2 Photothermal patterning of kinesin-1  
Photothermal patterning of proteins (see again Figure 16 (on page 36)) was tested on 
the example of kinesin-1 molecules. Patterning experiments were performed by 
incubating kinesin-1-casein solutions onto PNIPAM-coated carbon-glass samples. 
The samples were kept at low temperature, e.g. 22°C, so that the PNIPAM was 
swollen and therefore protein-repelling. For illuminating the surface a collimated laser 
beam with parallel green light was employed. An aperture cut off part of this light so 
that only an area of the desired pattern size and shape was illuminated. The surface 
was illuminated for 2 min in order to allow the kinesin-1 molecules to bind out of 
solution. After turning off the illumination, unbound protein was washed out. 
Successful patterning and functionality of patterned proteins were then confirmed by 
microtubule-based gliding motility assays. For this, the temperature of the sample was 
raised to 35°C to collapse the PNIPAM chains on the entire surface and allow 
microtubules to bind to the patterned kinesin-1 molecules.  
The experiments proved that kinesin-1 molecules could be patterned 
reproducibly onto PNIPAM-coated carbon-glass samples via photothermal patterning. 
Gliding microtubules in the formerly illuminated areas demonstrated that locally 
adsorbed proteins kept their biological function and were not denatured. In Figure 20 
two examples are shown where the protein was adsorbed in a circular pattern. The 
patterned circles had diameters of about 30 µm, corresponding to the projected size of 
the aperture opening. The displayed traces of microtubules moving in the patterned 
area were determined by automated tracking. The circles in Figure 20e were patterned 
by sequential illumination steps. In-between each step the microscope stage was 
shifted 20 µm. Sequential patterning is important for specifically adsorbing different 
types of proteins next to each other. In another pattering experiment the aperture 
opening had the shape of a rectangle with 60 µm length and 20 µm height (Fig 20c). 
This proved the ability of the photothermal technique to create protein patterns with 
different geometries. 
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Figure 20: Results of photothermal kinesin-1 patterning. Kinesin-1 molecules were 
patterned by locally illuminating the sample through an aperture opening. The resulting 
patterns as well as the functionality of the molecules were visualized by moving 
microtubules. The traces of microtubules moving in the patterned circular area were 
determined by automatic tracking. The pattern positions within the field of view were slightly 
shifted with respect to the position of the aperture opening due to washing steps after 
patterning. The images (a) and (c), show a circular and a rectangular aperture opening, 
respectively. Scale bars represent 25 µm. In (b) and (d) the corresponding microtubule traces 
to (a) and (c) are displayed. Scale bars represent 20 µm. The image in (e) shows the 
microtubule traces in sequentially patterned circles. In this experiment the microscope stage 
was shifted 20 µm in-between each illumination step. Scale bar represents 25 µm. 
 
Though microtubule binding and motility was mainly confined to the 
illuminated areas, few microtubules were also observed in non-illuminated surface 
parts. However, these microtubules were, in contrast to the ones moving in the 
patterned area, loosely bound to single motor molecules, often swiveled and mostly 
moved only short distances. The kinesin-1 molecules outside the patterns might be 
residual motors after washing out the patterning solution. These could bind anywhere 
to the surface upon increasing the temperature for motility. Other possibilities could 
be low protein binding despite the swollen PNIPAM chains or local defects in the 
PNIPAM layer. Nevertheless, because the edges of the patterns appeared relatively 
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distinct, it is rather unlikely that kinesin-1 molecules bound to the surface due to 
heating effects and PNIPAM collapse upon illumination. In such a case one would 
expect a gradual decrease of the motor density from the center of the pattern towards 
the outside, which was not observed in the experiments. 
On a side-note: Microtubules tightly bound to the surface by several motors 
appeared in the fluorescent images on carbon layers dimmer than ones loosely bound 
by single motors and further away from the surface. This fluorescent intensity 
difference of the microtubules might be due to fluorescence interference contrast  
(FLIC) effects. FLIC occurs whenever fluorescent objects are in the vicinity of a 
reflecting surface. The resulting interference between the direct and the reflected light 
leads to a double sin2 modulation of the intensity of a fluorescent object as a function 
of distance above the reflecting surface [92, 175]. 
 
4.3 Finite element modeling of local heating 
To investigate the potential of the photothermal patterning technique with respect to 
resolution, scalability, and applied materials the temperature distribution in the 
experimental system, which is evoked by the incidence of light onto the LHC-layer, 
was modeled. A schematic 2D representation of the experimental system is depicted 
in Figure 21 and was used for finite-element modeling. 
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Figure 21: Schematic 2D model of the experimental system. The model consisted of five 
elements: the glass coverslip, the solution, the substrate, two non-illuminated parts of the 
LHC layer with the cross-section of the illuminated stripe in-between. Due to symmetry of 
the system the heat distribution along the surface of the LHC layer was only calculated for 
one side of the model. The parameter x was the distance from the center of the illuminated 
area. The bottom temperature was set by the peltier element and the temperature of the 
surrounding determined the constraint on the top. Figure not drawn to scale. 
 
 The finite-element-method (FEM) is a numerical approach for approximately 
solving partial differential equations (PDE) with boundary conditions. It is often used 
for the modeling and solving of scientific and engineering problems based on PDEs. 
The area of interest is thereby divided into any finite number of elements with finite 
sizes. Then, basis functions are chosen within the elements. When these functions are 
substituted into the PDE one obtains, together with the initial, boundary and transition 
conditions, an equation system that is normally solved numerically. The solution of 
the equation system represents finally the numerical solution of the PDE. For 
modeling the heat distribution in the system described above the software COMSOL 
Multiphysics was applied. This software allows building models by defining the 
relevant physical quantities - such as material properties, constraints, sources, and 
fluxes – rather than by defining the underlying equations. Variables, expressions, or 
numbers are directly applied to solid domains, boundaries, edges, and points 
independent of the computational mesh. COMSOL Multiphysics then internally 
compiles a set of PDEs representing the entire model. 
 
45 
The mathematical model for heat transfer by conduction was the following 
version of the heat equation,  
! 
"ts#C
$T
$t
%& ' (k&T) =Q                 (Equation 4) 
where T is the temperature, ρ is the density, C is the heat capacity, k is the 
thermal conductivity, δts is the time-scaling coefficient, and Q is the heat source. Q 
describes the heat generated within a certain volume. 
As boundary condition for all left and right boundaries of the model thermal 
insulation was chosen. The equation of the insulation condition 
! 
n " (k#T) = 0 ,                  (Equation 5) 
with n being the normal component of the heat flux vector at a boundary, 
specified where the domain was well insulated, or it reduced the model size by taking 
advantage of symmetry. The equation states that the gradient across the boundary 
must be zero. For this to be true, the temperature on one side of the boundary must be 
equal to the temperature on the other side.  
For each of the boundaries on top (room temperature) and on the bottom 
(peltier temperature) of the model, respectively, a prescribed temperature 
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T = T0                   (Equation 6) 
was chosen individually. Thereby, the finite element solution returns a 
solution in which the above condition is either true or minimally approximated. 
For all interior boundaries the continuity condition 
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was applied, with q being the heat flux vector q = - k∇T. The heat flux in the 
normal direction is continuous across the boundary in this case. 
After drawing the model and defining all physical quantities the software 
generated a triangular mesh and computed the solution. 
  
Heat generated by LHC: When solving the model, the illuminated area was 
defined as the heat source. In order to get an idea about the dimension of the heat per 
volume generated by local illumination and LHC in the experimental setup the 
applied physical parameters were estimated.  
In the experiments the laser power was set to 130 mW. The power that 
eventually came out of the objective was measured with a power meter and yielded a 
value of 20 mW (coupling efficiency of 15%). The laser intensity (I) was then roughly 
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estimated by dividing the power by the area illuminated with the collimated laser 
beam. This area was approximated to be about 0.01 mm2 by measuring the diameter 
of the illuminated circle (d = 110 µm2) in a microscopic image. The latter was taken 
with the 63x objective also used for patterning experiments. Assuming a laser beam 
with ideally parallel light the laser intensity equaled 2 W/mm2. 
The absorption of 20 nm thick potential LHC-layers was measured as a 
function of wavelength (Fig. 22). Carbon layers were mainly used for modeling and 
experiments since it has a higher absorption and a lower reflectivity than silicon.  
 
 
 
Figure 22: Optical properties of potential LHC layers. Reflectance (green and red), 
transmittance (dark blue) and absorption (light blue) are shown in dependency of the 
wavelength for a, 20 nm thin carbon and b, silicon layers. The spectra were determined with 
ellipsometry at the Fraunhofer IWS Dresden. 
 
a) 
b) 
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In order to determine the absorption in dependence of the distance the light 
travels through the material the Lambert-Beer law  
! 
T =
I
I
0
= e
"y#                    (Equation 8) 
 was applied. T is the transmission, I0 and I are the intensity of the incident light 
and that after the material, respectively, α is the absorption coefficient of the 
substance, and y is the path length / layer thickness. Using the measured transmission 
value for a certain wavelength, α was calculated. Transmission, absorption A, and 
reflectivity R were related as follows 
! 
A =1"T " R .                  (Equation 9) 
From the calculated diagram of absorption / transmission versus layer 
thickness for carbon at a wavelength of 530 nm (Fig. 23) one can see that for a 
thickness of 100 nm an absorption of slightly more than 80 % is reached. However, 
carbon layers of 45 nm thickness already absorb about 70 % of the incident light.  
 
Figure 23: Transmission and adsorption of carbon in dependence of the layer thickness. 
The diagram was calculated for a wavelength of 530 nm. 
 
According to the following equation, 
! 
Q =
I A
y
,                (Equation 10) 
 the heat per volume Q resulting from the local illumination of a 45 nm thick 
carbon layer was finally estimated to be 3×1013 W/m3. 
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 Time-dependent temperature distribution: The experimental system was 
modeled in a time-dependent manner. Due to the symmetry of the model system the 
simulation of the temperature distribution was performed only for one half of it. In 
Figure 24a a typical 2D plot of the temperature distribution after 0.2 s of heating is 
shown. The solutions revealed that steady state conditions of heating and heat 
dissipation are reached in 100 ms (Fig. 24b). 
 
 
Figure 24: Time-dependent temperature distribution. The model system was a 45 nm 
thick carbon layer on glass. It was solved in a time-dependent manner for Q = 3*1013 W/m3 
and w/2 = 10 µm. The temperature of the top and bottom boundary equaled 22°C. a, 2D 
temperature distribution in a section through the experimental system (as shown in Figure 21) 
after 0.2 s of heating for x = 0 µm to x = 200 µm. The temperature (unit: K) is color-coded.   
b, Time-dependant temperature distribution along the LHC surface. The solution of the 
temperature distribution was plotted for t = 0 s to t = 0.2 s every 0.02 s. 
 
After the heat source is removed the system cools down similarly rapidly. Such time 
characteristic is desired because in this case the temperature response of the system is 
orders of magnitude faster than the kinetics of forming a protein monolayer (assuming 
typical diffusion coefficients (around 10–6 cm2/s) and sticking probabilities for 
proteins). The surface adsorption process thus determines the illumination duration 
necessary for successful protein patterning. 
 With respect to the achievable resolution of the patterns using the photothermal 
patterning, the temperature distribution was simulated for (i) different Q values with 
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constant width of optical illumination, (ii) lower peltier temperature with constant 
illumination width, (iii) different illumination widths with constant Q, and (iv) 
different LHC materials with constant Q and illumination width. 
  
Heat-dependent temperature distribution: In Figure 25 the temperature 
distributions along the LHC-surface, modeled for different Q values after 0.2 s of 
heating, are illustrated. First of all, the absolute temperatures in the simulations can be 
compared to the temperatures expected for experimentally creating 20 µm wide 
protein patterns on PNIPAM surfaces. Because the width of the generated kinesin-1 
patterns were in the size of the illuminated area, showing distinct borders, the 
temperature at x = w/2 = 10 µm must have been about 32°C, the LCST of PNIPAM. 
Therefore, the simulated temperature profiles obtained for Q values between 2 and 
2.5*1013 W/m3 would better describe the experimentally expected temperature 
distribution than the estimated experimental value of Q = 3*1013 W/m3. However, 
though this value was only a rough approximation, the simulation results showed that 
the model fits the experiment quite well.  
Secondly, as expected from the linear heat equation and the experimental 
results, the temperature values along the whole profile are linearly increased with 
increasing Q (see Table 2). This means that not only the maximal temperature is 
increased by higher Q values but also the temperature gradient between illuminated 
and surrounding areas becomes steeper. Further, it is easy to estimate the heat per 
volume necessary to achieve certain absolute temperatures for given illumination 
width and boundary temperatures.  
 
Q *1013 [W/m3] 2 2.5 3 4 
Tmax [°C] 32.4 35.0 37.6 42.8 
Tmax-T10µm [K] 1.4 1.8 2.2 3.0 
Tmax-T20µm [K] 3.6 4.5 5.4 7.2 
 
Table 2: Heat-dependent surface temperatures gained by solving the model system for 
w/2 = 10 µm according to Figure 25. 
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Figure 25: Heat-dependent temperature distribution along the LHC surface. The model 
system was a 45 nm thick carbon layer on glass with an illumination width of w/2 = 10 µm.  
a, Solution of the model for Q = 2; 2.5; 3; 4 *1013 W/m3 after 0.2 s of heating. The 
temperature of the top and bottom boundary equaled 22°C. b, Temperature distribution in the 
illuminated area and the immediate surrounding (x = 0 – 40 µm, zoom into (a)). 
 
Temperature distribution in dependence of the peltier temperature: The 
temperature distributions in dependence of the peltier temperature are shown in 
Figure 26. For constant Q values (Fig. 26a) the temperature curve is simply shifted by 
the temperature difference on the LHC surface. Here, one has to note that for glass 
substrates the LHC surface temperature (without illumination) does not equal the 
peltier temperature if the temperature of the surrounding is different. The reason is the 
low thermal conductivity of glass, which leads to an influence of the room 
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temperature on the temperature distribution. In the calculated example the 
temperature of the LHC surface was 17°C for a peltier temperature of 15°C and a 
surrounding temperature of 22°C. Therefore, the whole curve was shifted by 5 K 
(different from the 7 K difference in the peltier temperature).  
While the maximal temperature does not change significantly when lowering 
the peltier temperature and simultaneously increasing Q, the temperature gradient 
becomes steeper (Fig. 26b). Though this is principally straightforward from the heat- 
and temperature-dependent simulation results described above it is interesting with 
respect to obtaining steep gradients without increasing the maximal temperature. A 
steep gradient is important to achieve a defined pattern size, ideally close to the width 
of the illuminated area. How steep the temperature gradient needs to be for sharp 
patterns, does however also depend on the switching characteristics of PNIPAM and 
the protein binding dynamics. These parameters could vary for different buffer 
conditions and types of proteins. In the literature it was reported that the extent of 
protein adsorption and its temperature-dependence varied with the molecular 
characteristics of proteins [176] (hydrophobicity, flexibility, and molecular size) as 
well as with the pH and the ionic strength of the buffer [177]. Given that the 
experimentally created kinesin-1 patterns where about the size of the illuminated area, 
as already mentioned above, the switching of kinesin-1 adsorption should be rather 
steep around the LCST. Assuming a stepwise switching from zero to maximal protein 
adsorption at the LCST it would even be possible to find conditions where the size of 
the patterned area is smaller than the illuminated area. An example of this case is the 
red temperature curve in Figure 26a, which crosses T = 32 °C (LCST) within the 
illuminated area of x = w/2 = 10 µm. 
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Figure 26: Temperature distribution along the LHC surface in dependence of the peltier 
temperature. The model system was a 45 nm thick carbon layer on glass with an 
illumination width of w/2 = 10 µm. The temperature distribution after 0.2 s of heating was 
simulated a, for Tbottom = 15°C and Q = 3*1013 W/m3 (red curve) and b, for Tbottom = 12°C and 
Q = 4.5*1013 W/m3 (blue curve). The temperature distribution Tbottom = 22°C and                      
Q = 3*1013 W/m3 (black curve) is displayed as comparison. The temperature of the top 
boundary equaled in all cases 22°C. 
 
Temperature distribution in dependence of illumination width: When 
simulating the temperature distribution for different illumination widths (i.e. different 
aperture widths of the aperture opening) and constant Q values (Fig. 27) it became 
obvious that the optical intensity has to be increased significantly for realizing smaller 
patterns. This also means that there is a different optimal value of Q for each pattern 
size. Thus, experimentally, patterns of different dimensions cannot be achieved 
simultaneously e.g. by illuminating a surface through a mask with different stripe 
widths. One would either have to use laser scanning techniques or illuminate 
sequentially with different conditions. 
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Figure 27: Temperature distribution along the LHC surface in dependence of the 
illumination width. The model system was a 45 nm thick carbon layer on glass. It was 
solved for the illumination widths w/2 = 0.5; 5; 10 µm after 0.2 s of heating. Q was         
3*1013 W/m3. The temperature of the top and bottom boundary equaled 22°C. 
  
The kinesin-1 patterning described in the previous chapter was performed at 
the highest possible laser power. Thus, the experimental set-up and the laser 
configuration used so far determined the minimal size of the kinesin-1 patterns. 
Nevertheless, patterns of smaller width can theoretically be realized using higher laser 
intensities (Fig. 28). Either focusing the laser beam or using a stronger laser for 
illumination would yield a higher intensity. Creating thin lines using a focused laser 
beam additionally needs the possibility to scan the beam during patterning. Moreover, 
in order to achieve a steep temperature gradient the sample has to be cooled. 
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Figure 28: Temperature distribution along the LHC surface for an illumination width of 
1 µm in dependence of the patterning conditions. The model system was a 45 nm thick 
carbon layer on glass. It was solved for different laser intensities and boundary temperatures 
after 0.2 s of heating. The same temperature was assumed for the top and the bottom 
boundary. Q was 31*1013 W/m3 for T = 22°C and 82*1013 W/m3 for T = 5°C, respectively. 
 
Material-dependent temperature distribution: When solving the model for 
different LHC materials (Fig. 29) the heat dissipation was of particular interest. 
Additionally, in one case silicon was chosen as substrate material instead of glass. In 
order to allow an easy comparison of the materials all conditions besides the material 
properties (thermal conductivity, heat capacity, density) were identical. 
The temperature distributions of carbon and silicon layers are extremely 
similar (curves lie on top of each other). This was expected since their thermal 
properties (thermal conductivity and heat capacity, see chapter 7.6) do not differ 
much. However, although both materials could principally be used for LHC one has 
to keep in mind that silicon has a lower optical adsorption. For achieving the same 
amount of heat per volume the laser intensity has to be twice as high as for carbon (at 
a wavelength of 530 nm, see Figure 22 (page 46). Gold shows a lower local heating 
and thus a shallower temperature gradient at the edge of the illuminated area but 
otherwise the temperature distribution is comparable to carbon and silicon. Already at 
x = 20 µm the curves seem to be identical. Almost no localized heating can be 
observed if the substrate has a high thermal conductivity like silicon. All theoretical 
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results qualitatively support experimental observations of 24 nm thick silicon layers 
on glass, of 15 nm thick gold layers on glass, and of LHC layers on silicon substrates. 
 
Figure 29: Material-dependent temperature distribution along the surface of a 45 nm 
thick LHC layer after 0.2 s of heating. The model systems were C on glass, Si on glass, Au 
on glass as well as C on Si with an illumination width w/2 = 10 µm. Q was 3*1013 W/m3. The 
temperature of the top and bottom boundary equaled 22°C.  
 
In summary, the simulations did show that carbon-glass is a well suited 
material system for photothermal patterning. High-resolution structures can be 
theoretically achieved but have yet to be demonstrated experimentally. Besides tuning 
the patterning conditions by varying the laser intensity, illumination width and 
temperature, the experimental success will also depend on the actual switching 
characteristics of PNIPAM, the protein binding dynamics, and the homogeneity of the 
polymer layer. 
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5 Outlook: Dual motor patterning of kinesin-1 and 
axonemal dynein 
 
 
Surfaces patterned with different motor proteins in a spatially separated manner will 
offer new possibilities for nanotechnological applications and biophysical 
investigations. For example, studying the movement of microtubules at a boundary of 
two opposite polarity motor proteins might be on one hand interesting from a biological 
point of view but on the other hand could also prove to be useful for molecular sorting 
applications. The main experimental challenges thereby are to achieve a complete 
spatial separation of the motors as well as conditions in which both types of motors 
remain functional. 
With respect to this PhD thesis initial experiments with kinesin-1 and 22S 
dynein (purified in P. Satirs’ lab) were performed using µcP. In gliding motility tests, it 
was observed that casein-coated surfaces blocked dynein motility. Therefore, casein 
stripes were stamped onto the surface. Afterwards a pure dynein solution was applied 
to the flow-cell and the motors preferentially absorbed on the surface parts in-between 
the casein stripes. Kinesin-1 was then allowed to bind to the casein coated areas before 
motility solution was flown into the cell. However, the motility observations showed 
that kinesin-1 could, at least to a certain amount, also bind to the areas were dynein 
motors had been adsorbed. At high kinesin-1 concentrations microtubules were mainly 
propelled by kinesin-1 motors, as microtubules were gliding with their minus end 
leading at an average speed of 680±120 nm/s. This is in good agreement with the 
results of Vale et al. [178] who found that the polarity of microtubule movement is 
dependent on the kinesin-1 density on the surface if both motors are randomly 
adsorbed. They further showed that movement in the kinesin-1 direction prevails if the 
kinesin-1 density is larger than 30 molecules per square micron. After lowering the 
kinesin-1 concentration in the assay microtubules moving along a kinesin-1-dynein 
boundary could be observed (Fig. 30). Their plus ends were transported on a kinesin-1 
stripe into the minus end direction whereas at the same time the minus ends on a dynein 
stripe were propelled into the opposite direction. This resulted in a U-shaped 
movement. However, now microtubules tended to get stuck on the kinesin-1 stripe.  
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Figure 30: Movement of microtubules at kinesin-1-dynein boundaries. Kinesin-1 (areas 
with green background; plus-end motor) and dynein motors (dark areas; minus-end motor) 
where arranged via µcP in stripes on the surface. Fluorescently labeled microtubules (red) 
moved along the boundary of both motors in a U-shaped manner. The white arrows mark 
thereby the initial position and the white arrowheads the progression of the microtubule front 
(open and closed symbols mark two different microtubules). In the course of time the first 
microtubule got stuck on the kinesin-1 stripe and only the microtubule part on the dynein stripe 
continued to glide. Scale bar represents 15 µm. 
 
In order to study such effects in more detail, it will be essential to improve the 
specificity of motor patterning. Substituting casein with streptavidin (and applying 
biotinylated kinesin-1) or with anti-Penta-His antibodies (and applying his-tagged 
kinesin-1) in the µcP process was tried but did not achieve this yet. µcP in general 
might not be appropriate for easy dual motor patterning as direct stamping is not 
possible. Instead either surface chemistry of the pattern has to specifically support 
motor activity for one motor type but at the same time completely impede binding of 
the other motor type.  
In contrast, photothermal patterning should be well suited for dual motor 
patterning. Similar to the sequential patterning of kinesin-1 motors (chapter 4.2) 
different types of protein can be patterned on the same surface without the need for 
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specific linker molecules or elaborate surface preparations. Therefore, it will be 
promising to test this approach in the future. 
Concerning the motor type it might be advantageous to employ cytoplasmic 
dynein instead of axonemal 22S dynein because it moves with about equal velocity      
(v = 800 nm/s [179]). Thus, ideal U-shaped movement can be expected. However, 
studying motors with different speeds might reveal other interesting features. 
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6 Summary 
 
 
The objective of this work was to pattern planar surfaces with motor proteins in a way 
that allows controlled and guided movement of microtubule-shuttles. The first part of 
the work was in particular focused on generating nanometer–sized tracks of motor 
proteins. The second part explored an in-situ patterning technique for motor proteins 
to enable user-defined pattern designs, and investigated the achievable resolution. 
A novel approach was demonstrated for the nanometer patterning of surfaces 
with functional motor proteins. The application of biotemplates, namely microtubules, 
accomplished the highly-localized and oriented surface binding of proteins combined 
with low protein denaturation by specifically stamping and binding motors. This way 
functional protein patterns of high surface density were produced.  
The generated motor tracks showed that reliable guiding of microtubules 
without topographical barriers is feasible. Recently, non-topographical patterning of 
surfaces with kinesin-1 motors was only demonstrated in the micrometer-range. In 
those experiments it could not be prevented that gliding microtubules walked off the 
patterned tracks when they approached the boundaries at obtuse angles. Due to the 
high flexural rigidity of the microtubules the thermal energy of the system was in 
those cases not sufficient to bend the leading tips of the microtubules back onto the 
patterned motors. This problem is circumvented by the small width of the motor 
nanotracks, where the encounters of the microtubules with the boundaries are 
restricted to extremely shallow angles. Interestingly, tracks of the non-processive 
motor ncd proved to be even more reliable for guiding and transport on the nanoscale 
than the kinesin-1 tracks.  
Topography-free guiding, as demonstrated in this work, is expected to 
significantly ease the design and fabrication of microtubule-transport systems and 
opens up the possibility to transport cargo of unlimited size, i.e. without any 
constraints by the dimensions of topographic guiding channels. Moreover, the 
biotemplated patterning is a promising tool for in vitro studies on the individual and 
cooperative action of motor proteins. In particular it might be helpful for the 
reconstitution of complex subcellular machineries in synthetic environments. As an 
example, microtubule-microtubule sliding by the biomolecular motor ncd has been 
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shown to induce directional sliding between antiparallel microtubules and static cross-
linking between parallel ones. 
Because it was not straightforward to create user-defined motor tracks using 
the approach of biotemplated patterning, photothermal patterning of functional 
proteins was established as a new method for freely programmed high-resolution 
patterning. This way kinesin-1 patterns were generated upon light-induced heating of 
a light-absorbing layer on the substrate. The surface-grafted poly(N-
isopropylacrylamide) (PNIPAM) molecules collapsed locally and allowed motor 
proteins in solution to bind in the illuminated areas. Microtubule-based gliding 
motility assays then confirmed the successful patterning of the motors and their 
functionality since microtubules bound to the patterned kinesin-1 molecules and were 
transported exclusively in the patterned areas. Besides patterning proteins, localized 
light-to-heat conversion combined with a surface-grafted thermoresponsive polymer 
layer was also used for locally activating kinesin-1 molecules and enabling 
microtubule motility. An advantage of this method is the possibility to use visible 
light, which is versatile (as many wavelengths can be applied) and non-damaging (in 
comparison to other recently demonstrated UV-based photopatterning techniques).  
Finite element modeling (implemented in COMSOL) showed that light 
intensity and surface temperature have to be tuned specifically in order to achieve 
defined pattern sizes. While the currently achieved patterns were in the range of ten 
micrometers increased optical intensities possibly combined with cooling of the 
sample allow to significantly scale down the pattern dimensions. However, the 
eventual experimental resolution will also depend on the switching characteristics of 
the polymer and the protein binding dynamics. 
The produced patterns can be reversibly activated and deactivated at high and 
low temperature, respectively. Moreover, sequential patterning of multiple kinds of 
proteins on the same surface will be feasible in a similar way without the need for 
specific linker molecules or elaborate surface preparation. Further advancements of 
the technique, as e.g. reconfigurable protein binding for erasing patterns, would 
certainly improve this approach and its possible applications. Additionally, the 
development of optically switchable polymers will facilitate motor patterning directly 
by light and thus ease the method.  
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7 Materials and Methods  
 
 
7.1 Microtubules and motor proteins 
Microtubules were polymerized from 5 µL of bovine brain tubulin (4 mg/ml; labeled 
with different fluorophores or biotin as stated below; Cytosceleton Inc.) in Brinkley 
reassembly buffer (BRB80; 80 mM potassium piperazine-N,N’-bis-(2-ethanesulfonic 
acid) [PIPES; Sigma], pH 6.9 adjusted with KOH [VWR], 1 mM ethylene glycol-bis 
(2-aminoethylether)-N,N,N’,N’-tetra acetic acid [EGTA; Sigma], 1 mM MgCl2 
[VWR]) with 4 mM MgCl2, 1 magnesium mM guanosine triphosphate (Mg-GTP; 
Roche), and 5% dimethyl-sulfoxide (Sigma) at 37 °C. After 30 min, the microtubule 
polymers were stabilized and diluted 100-fold in room temperature BRB80 containing 
10 µM taxol (Sigma). Polarity marked microtubules were grown as described 
previuously [180] using bright rhodamine-labeled tubulin for the seeds and dimly 
rhodamine-labeled tubulin for the elongation. 
In the following motor proteins used within this work are listed: 
• Wild type kinesin-1 (full length Drosophila melanogaster) was expressed in 
Escherichia coli and purified applying a published protocol [39]. 
• Truncated GFP-labeled rat kinesin-1 (GFP-kinesin-1) was expressed in 
Escherichia coli and purified applying a published protocol [181]. 
• K401-BIO, the biotinylated kinesin-1 derivative, was expressed and purified by D. 
Drechsel and R. Lemaitre (according to the protocol in [31]) using a plasmid 
kindly provided by T. Surrey and J. Gelles.  
• Ncd (full length Drosophila melanogaster, labeled with GFP) was expressed in 
Escherichia coli and purified as described in ref. [154] by L. Hajdo and A.A. 
Kasprzak (The Nencki Institute of Experimental Biology, Warsaw, Poland).  
• Tetrahymena 22S dynein was a kind gift of Y. Wada and P. Satir (Albert Einstein 
College of Medicine, Yeshiva University, New York, USA). 
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7.2 Preparations of flow-cells for in vitro assays 
All experiments were performed in 2-mm-wide and 0.1-mm-high microfluidic flow-
cells, self-built from a substrate and a glass coverslip (Corning, No. 1.5) as well as 
two pieces of double sided sticking tape (3M Scotch) or parafilm (Pechiney) as 
spacers.  
For microtubule-assisted stamping and binding of motor proteins flow-cells 
were prepared from two glass coverslips (22 × 22 mm2 and 18 × 18 mm2). Before use 
coverslips were either cleaned (sonicated in mucasol (VWR; 1:20 dilution in water) 
for 15 min, sonicated in ethanol (VWR) for 10 min, rinsed in double distilled water 
and blown dry with nitrogen, or treated with dichlorodimethylsilane (Sigma) (soaked 
in a mixture of trichloroethylene (Merck) and dichlorodimethylsilane for 60 min, 
sonicated in methanol twice, for 5 and 15 min, rinsed in double distilled water and 
blown dry with nitrogen). 
For the photothermal patterning experiments glass coverslips were coated with 
a light-to-heat converting (LHC) layer: Carbon layers were sputtered in the 
Fraunhofer IWS by S. Braun and P. Gawlitza. PNIPAM was grafted on silicon wafers 
and on glass coverslips coated with LHC-layers using atom transfer radical 
polymerization (ATRP) by L. Ionov according to the procedure described in reference 
[153]. The glass coverslip on the top side of the sample was pegylated (see reference 
[182] for PEGylation procedure) to avoid protein binding. 
 
7.3 Biotemplated stamping 
Wild type kinesin-1 was mixed with rhodamine labeled microtubules (labeling ratio:  
1 rhodamine / 3 unlabeled tubulin units) at a kinesin-1 dimer to tubulin molar ratio of 
1:8 in BRB80 buffer containing 1 mM AMPPNP (Sigma) and 10 µM taxol 
(BRB80TM) to form decorated microtubules. To achieve rapid binding and thus 
avoid cross-linking of microtubules, the mixing was performed while vortexing the 
solution. To remove any free, unbound kinesin-1 molecules, 400 µL of the resulting 
solution (32 nM microtubules, 4 nM kinesin-1 dimers) were centrifuged at 130000g in 
a Beckmann airfuge for 2.5 min. The pellet was resuspended in 150 µL of 
BRB80TM.  
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A 0.5 mg/ml casein (Sigma) solution in BRB80 was perfused into a flow-cell 
of cleaned glass and allowed to adsorb to the surface for 5 min to reduce the 
denaturation of kinesin-1 and to prevent the sticking of microtubules. Then the 
solution containing the decorated microtubules was perfused. After 5 –10 min the 
flow-cell was washed with BRB80TM containing anti-bleaching reagents (20 mM   
D-Glucose, 0.020 mg/ml glucose oxidase, 0.008 mg/ml catalase and 1% β-
mercaptoethanol [all from Sigma]). To walk the microtubules off the surface an ATP 
anti-bleaching solution (containing 1mM Mg-ATP [Roche] instead of AMPPNP) was 
perfused into the cell. In the last step motility solution (microtubules [~30 nM 
tubulin] in ATP anti-bleaching solution) was added to the cell.  
Cargo transport: Rhodamine-biotin labeled transport microtubules (labeling 
ratio: 3 rhodamine / 4 biotin / 9 unlabeled tubulin units; ~30 nM tubulin) in AMPPNP 
anti-bleaching solution were perfused into the flow-cell instead of the motility 
solution. After they had bound to the generated kinesin-1 tracks streptavidin coated 
quantum dots (525 nm emission, 20000x diluted; Invitrogen) were loaded onto the 
transport microtubules. Finally an ATP anti-bleaching solution was added to start the 
movement of the cargo-loaded transport microtubules. 
Antibody labeling of the kinesin-1 tracks was performed by perfusing       
1.25 µg/ml anti-kinesin (mouse monoclonal SUK4; Cytoskeleton) in PB100BA buffer 
(100 mM phosphate buffer [Sigma]; pH=7.5 containing 1 mg/ml bovine serum 
albumin [Merck] and 1 mM ATP) into the flow-cell instead of the motility solution. 
After one hour incubation the cell was rinsed with PB100BA. FITC-labeled goat anti-
mouse IgG (whole molecule; 17 µg/ml in PB100BA; Sigma-Aldrich) was added as 
secondary antibody. After another 45 minutes of incubation, the solution was 
exchanged with an ATP anti-bleaching solution. 
Evaluation of kinesin-1 decoration: Microtubules were immobilized on a 
hydrophobic glass surface via anti-beta-tubulin antibodies as described for kinesin-1 
binding in chapter 6.4. Before and after incubating GFP-labeled kinesin-1 solutions 
(0.325 nM – 26 nM in BRB80TM) for 10 min the flow-cell was rinsed with 
BRB80TM containing anti-bleaching reagents. Microtubules decorated with GFP-
labeled kinesin-1 in solution (procedure as described above) were bound to a cleaned 
glass surface previously coated with anti-Penta-His antibodies (10 µg/ml; Qiagen) and 
casein. The sample was then washed with BRB80TM containing anti-bleaching 
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reagents. To be able to compare the fluorescent intensity of different microtubules in 
a field of view with uneven illumination TIRF (total internal reflection fluorescence) 
images were taken of both, the fluorescence of GFP and rhodamine. The rhodamine 
fluorescence, which was assumed to be equal for different microtubules, was then 
used to determine a relative intensity of the GFP fluorescence according to the 
following formula: 
  
! 
relative
GFP
I =
measured
GFP
I " background
GFP
I
measured
rhodamine
I " background
rhodamine
I
.              (Equation 11) 
 
7.4 Biotemplated binding (and ncd sliding) 
Kinesin-1 binding: Anti-beta-tubulin (TUB 2.1, 4 µg/ml; Sigma) or anti-
tetramethylrhodamine (4 µg/ml; Molecular Probes) antibodies were adsorbed for       
5 min onto a hydrophobic glass surface that was previously treated with 
dichlorodimethylsilane. The surface was then blocked against unspecific protein 
binding by Pluronic F127 (1% dissolved in BRB80, Sigma). Rhodamine-biotin 
labeled microtubules (labeling ratio: 3 rhodamine / 4 biotin / 9 unlabeled tubulin 
units) were polymerized, and unpolymerized tubulin was removed by 5 min 
centrifugation at 180000g in a Beckmann airfuge. The pellet was resuspended in 
BRB80 containing 10 µM taxol to a final tubulin concentration of 80 nM. This 
solution was added to the flow-cell in order to bind these template microtubules to the 
antibodies on the substrate surface. In the next steps, first fluorescein labeled 
streptavidin (10 µg/ml in BRB80, Pierce) was perfused into the flow-cell. Secondly, 
biotinylated kinesin-1 K401-BIO (2.5 µg/ml in BRB80, containing 10 µM taxol,      
0.5 mg/ml casein and 20 mM ATP) was added. The flow-cell was rinsed with ATP 
anti-bleaching solution and microtubule containing motility solution (chapter 6.3) was 
perfused. In experiments with anti-tubulin antibodies free tubulin was added to the 
motility solution with a final concentration of 20 µg/ml. In experiments where anti-
tetramethylrhodamine antibodies were used to immobilize template microtubules the 
transport microtubules were labeled with Alexa-488. 
Ncd binding: Anti-Penta-His antibodies (10 µg/ml; Qiagen) were adsorbed 
onto the hydrophobic glass surface of the flow-cell. After blocking the surface with 
Pluronic F127 (1% dissolved in BRB80), his-tagged kinesin-1 was bound to these 
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antibodies. Dimly rhodamine-labeled microtubules (labeling ratio: 1 rhodamine /       
5 unlabeled tubulin units) in BRB80TM were then immobilized on the kinesin-1-
coated surface. To remove the unbound microtubules, the flow-cell was rinsed with 
BRB80TM. Bound microtubules were crosslinked for 15 min in a 0.1% solution of 
glutaraldehyde (Sigma) in BRB80TM. Subsequently, a 15 min treatment of the cell 
with 0.1 M glycine (Merck) was performed to block free aldehyde groups.  
Ncd was diluted in BRB20 buffer (20 mM potassium PIPES, pH 6.9 adjusted 
with KOH, 1 mM EGTA, 1 mM MgCl2) containing 10 µM taxol, 1 mM ATP and  
100 mM NaCl. This solution was centrifuged for 5 min at 180000g in a Beckmann 
airfuge to remove clustered molecules and then added to the fixed microtubules in the 
flow-cell. Finally, after washing twice with BRB20 containing 10 µM taxol and          
1 mM ATP, motility solution containing microtubules (~30 nM tubulin) and ATP 
anti-bleaching solution (in BRB20) was flown in. 
Directional sliding of ncd: After performing a ncd binding experiment ncd 
and ATP anti-bleaching solution was added to the flow-cell. The polarity of the 
template microtubules was revealed either by immobilizing polarity marked 
microtubules or by applying GFP-kinesin-1 as described in [166]. The interaction of 
ncd molecules with immobilized microtubules was imaged before flowing in motility 
solution in a ncd binding experiment. 
 
7.5 Photothermal patterning 
The back of the sample (in case of glass samples only) was colored with black 
permanent marker to block the autofluorescence of the thermal contact. The sample 
was then mounted on a peltier with heat transfer compound for keeping it at defined 
temperature. The peltier was coupled to a power supply and a thermometer 
(Physitemp BAT-10). 
Kinesin-1 gliding motility assay: A casein-containing solution (0.5 mg/ml in 
BRB80) was perfused into the flow-cell and allowed to adsorb to the surface for         
5 min. Then a 10 µg/ml kinesin-1 solution in BRB80 buffer containing 1mM Mg-
ATP and 0.2 mg/ml casein (BRB80CA) was perfused. After 5 – 10 min motility 
solution (chapter 6.3) was added to the cell.  
Patterning of kinesin-1: The PNIPAM sample was kept at low temperature 
(15-25°C). A kinesin-1 solution (20 µg/ml) containing 0.5 mg/ml casein and anti-
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bleaching reagents in BRB80 was perfused into the flow-cell. The sample was then 
locally illuminated through a 63x water immersion objective (Zeiss, numerical 
aperture NA=1.2) for 2 min using a collimated laser beam (wavelength = 530 nm, 
green line) with parallel light and different aperture openings. After patterning non-
adsorbed protein was removed by multiple perfusions with BRB80CA. In the next 
step motility solution was added to the cell and the temperature was raised to 35°C.  
 
7.6 Finite element modeling 
The modeling of the heat distribution during photohtermal patterning was performed 
using the software COMSOL Multiphysics Version 3.4. Besides the 2D model of the 
experimental system and the conditions and equations described in chapter 4.3 the 
following parameters and settings were applied: 
• Mesh size: extra coarse 
• Linear system solver: direct solver UMFPACK 
• Time dependent solver: 200 ms in 10 ms steps 
The material properties relevant for heat transfer by conduction are listed in table 3. 
 
Material Thermal 
conductivity 
k [W/(m*K)] 
Heat capacity at 
constant pressure 
Cp [J/(kg*K)] 
Density                                     
ρ [kg/m3] 
carbon (graphite) 150 710 1950 
gold 314 130 19300 
silica glass 1.38 703 2203 
silicon 148 741 2330 
water 0.6 4182 9982 
 
Table 3: Properties of substrate and LHC materials. 
 
The initial temperature was chosen for all subdomains to always equal the 
temperature of the boundary on the bottom of the model (peltier temperature). The 
boundary on the top was set to 22°C. 
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7.7 Dual motor patterning 
PDMS stamps were prepared by pouring a mix of 10 parts silicone elastomer and       
1 part cross linking agent from a Sylgard 184 Silicone elastomer Kit (Dow Corning) 
on the silicon master, and baking it at 60°C for 4 hours. A casein solution (0.8 mg/ml 
casein and 0.2 mg/ml FITC-casein in BRB80) was incubated for 10 to 15 min on the 
stamp. After immersing the stamp in BRB80 as well as in nanopure water it was 
blown dry with nitrogen and subsequently brought into contact with the cleaned glass 
substrate for printing the casein molecules. Then the flow-cell was assembled and the 
surface was washed with the 22S dynein specific motility buffer DMB (10 mM 
tris(hydroxymethyl)-aminomethan (TRIS) acetate [Sigma], 3 mM MgSO4 [Merck],    
2 mM EGTA (pH 7.5)), supplemented with 2 mM dithiothreitol (DTT; Sigma) and  
50 mM potassium acetate (Merck). The washing was repeated twice, after perfusing 
dynein (100 µg/ml) and allowing it to bind for 2 min as well as after 2 min of 
incubating a 3.5 µg/ml kinesin-1 solution in DMB. Then the flow-cell content was 
exchanged with a 1 mg/ml casein solution in DMB, which was after another 2 min 
finally washed out with a motility solution (DMB buffer instead of BRB80). 
 
7.8 Data acquisition and analysis 
Fluorescent images were obtained using an inverted optical microscope (Zeiss 
Axiovert 200M) with a 100x oil immersion objective NA = 1.3, a 100x oil immersion 
objective NA 1.46 (for total internal reflection fluorescence microscopy) or a 63x 
water immersion objective NA = 1.2 (for photohermal patterning experiments). For 
excitation a Lumen 200 metal arc lamp (Prior Scientific Instruments Ltd.) was used. 
An argon-krypton mixed gas laser (Coherent Innova 70C Spectra) at 488 nm was 
applied for total internal reflection fluorescence microscopy. The green line (530 nm) 
of the same laser was used for locally activating and patterning motors. For data 
acquisition a back-illuminated charge coupled device camera (MicroMax 512 BFT, 
Roper Scientific) was used in conjunction with a Metamorph imaging system 
(Universal Imaging Corp., Downington, PA). The used tetramethylrhodamine-
isothiocyanate (TRITC), FITC and GFP filters were from Chroma Technology. 
Images were acquired every 1 s with an exposure time of 100 ms unless stated 
otherwise.  
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Automated tracking of motile microtubules was performed using an inhouse 
software based on MatLab (Mathworks, Natick, MA). The applied fitting algorithm 
used Gaussian-based model functions. 
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